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ABSTRACT 


This bulletin is the eighth and last of the reports on the 27-year 
investigation of the properties of lead and lead-alloy sheathing for power 
cable. The tests have covered principally long-time creep under steady 
tensile stresses up to 300 psi at 110 F and 150 F, time to fracture and 
ductility under steady tensile stresses of 400 to 1800 psi at room tempera- 
ture and 110 F, and life to fracture in slow bending to strains of 0.3 to 
0.5%. To obtain reliable indications of these properties, long time tests 
are necessary. 

Special emphasis is placed on the arsenical-lead alloys which have 
come into commercial use during the last ten years. Small amounts of 
arsenic together with other minor constituents and with proper produc- 
tion technique produce marked improvements in the properties. This 
improvement appears to be due to retardation of recrystallization at the 
stresses and temperatures that are generally encountered by sheaths in 
service. 

Insoluble constituents that form stable intermetallic compounds 
impart to lead the best creep and bending resistances without impairing 
its ductility. At 150 F and 300 psi, which might occur in service for short, 
infrequent periods, some of the alloys were little better than copper- 
bearing lead. The retardation of recrystallization appeared to be offset 
by recovery which removed the strain hardening. These samples con- 
tained excessive amounts of constituents that form appreciable alpha 
solid solution in lead. Unless such material is heat treated to relatively 
high temperature, discontinuous precipitation may result in low ductility 
and relatively poor creep and bending resistance. The heat treatment 
improves the properties by preventing discontinuous precipitation due 
to strain aging. 

The arsenical-lead alloys have outstanding ability to withstand slow 
bending of the type that occurs in service because of the daily expansion 
and contraction of the cable in the duct between manholes. The magni- 
tude of the improvement in this and other properties depends on the 


alloy content and the heat treatment. Generally, the alloys with good 
creep resistance have good bending resistance. The alloys may be so heat 
treated as to have good bending resistance but lowered creep resistance. 

Stopping the lead press during extrusion causes abrupt changes in 
work hardening and heat treatment of the sheath. This generally pro- 
duces a narrow ring around the sheath that has very high creep resist- 
ance; the adjacent sheath has a little less than normal creep resistance. 
To re-heat the sheath in a molten salt bath and quench it in water did 
not alter appreciably the properties of the metal at the press stop ring. 

Test results have indicated that supplementary heat treatment can 
improve the mechanical properties of extruded lead cable sheathing. 
Heating for a few minutes at 500 F or higher reduced the creep rates 
at 150 to 300 psi stress and improved the ability to withstand slow 
bending cycles with 0.3% strain. The life to fracture and the ductility 
under tensile stresses of 1,000 to 1,800 psi were also improved. 

To determine the most desirable amounts of alloying constituents and 
the optimum treatment in the production of sheathing would require 
further research. There is also a need for additional information on the 
metallurgy of lead and lead alloys to determine the reasons for the 
differences in properties under various conditions of stress, strain, and 
temperature, as well as for changes in the properties that occur with age. 
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1. INTRODUCTION 


Lead sheathing for underground power cable is 
generally required to prevent the admission of air 
and moisture into oil impregnated paper insulation 
during the service life of the cable which might be 
40 or 50 years. It must be sufficiently ductile to 
withstand the working necessary to transport and 
install it, must be sufficiently creep resistant to 
withstand internal pressures that tend to expand it, 
must withstand the expansion that does oceur with- 
out fracture, and must withstand the repetitive 
bending that occurs, mainly in manholes, with 
heating and cooling of the cable due to electrical 
loads. This research has been principally along 
these lines with the objectives of comparing the 
various sheathing materials that were produced by 
the cable factories and determining their limita- 
tions in service. 

This study has helped considerably to stimu- 
late a broadening interest in the development of 
better sheathing. Marked improvements have been 
made in the uniformity of cable sheathing as pro- 
duced. Some new alloy materials have been devel- 
oped. A better understanding of the limitations of 
sheaths in service has been obtained. 

Research was terminated in December, 1955. 


1. Previous Research on Lead Sheath Materials 


Since August, 1928, a series of investigations has 
been conducted at the University of Illinois on the 
properties of lead and lead alloys that affect their 
serviceability and life for sheathing on power 
cables. Results of these investigations have been 
published in Bulletins 243, 272, 306, 347, 378, and 
394, and T.A.M. Report 78.1 *°’* (Copies of the 
latter may be obtained while the present supply 
lasts from the Dept. of Theoretical and Applied 
Mechanics, Room 214 Talbot Laboratory, Univer- 
sity of Ilnois, Urbana, Illinois.) 


* References appear in Appendix C. 


Several other articles have been published that 
have been closely related to this project. Foremost 
among these are two papers by Halperin® ® which 
discussed the sheath-imposed limitations on load- 
ing and life of underground cable, and a paper by 
Halperin and Betzer’® that discussed the improve- 
ments obtainable in this respect by the use of 
arsenical lead alloys. 

Since the inception of this project, considerable 
research on the mechanical properties of lead and 
lead alloys has been done by others. A rather com- 
prehensive list of references to publications on 
such activities was given in Bulletins 306, 378, 394, 
and Report 78. 


2. Scope 


In this bulletm an effort is made to summarize 
some of the principal findings covered in the pre- 
vious bulletins, and to present subsequent test 
results. Included are: a summary of creep tests 
on strip specimens at 110 F and at 150 F; expan- 
sion tests of cylindrical sheaths with steady inter- 
nal pressure at room temperature and at 150 F; 
tests to fracture of strip specimens under various 
steady tensile stresses at room temperature (which 
averaged 78 F) and at 110 F; and bending tests 
of strip specimens at room temperature, 110 F, 
and 150 F. 


3. Samples Tested and Variable Factors in 

Their Properties 

The samples used in this research, which are 
listed in Table 1, were all from sheathing that was 
extruded by cable factories with the usual produc- 
tion equipment onto impregnated paper-insulated 
cable. No attempt was made to develop new alloys 
in the laboratory, but the information on the results 
of the research helped to stimulate the manufac- 
turers into making improvements both in the alloys 
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and in their cable sheathing processes. Some of the 
samples were manufactured experimentally and rep- 
resented trials in the development of new alloys. 
Some of these alloys have been accepted for use 
on cable for commercial service while others have 
been rejected. 

The test specimens contained all of the variables 
that are common in commercial production and 
some additional variables that were introduced in 
an attempt to determine their effects on the proper- 
ties of the material. The chemical compositions of 
the specimens varied widely (see Table 2 and simi- 
lar tables in previous bulletins) but were known 
with fair accuracy. The temperatures and rates of 
extrusion, however, are not known. They may 
have differed from sheath to sheath and within the 
same sheath. Practices as to quenching after ex- 
trusion also vary. Localized impurities sometimes 
do and sometimes do not occur at critical sections 
of the specimens. The test results are further in- 
fluenced by the position of the charge welds with 
relation to the specimens. Stopping the cable in the 
lead press during extrusion affects the heat treat- 
ment of the sheath as is shown by the results from 
several samples of sheathing. tested with internal 
pressure. Flattenmg the sheath on removal from 
the cable and machining the specimens may affect 
some lead alloys more than others. The size and 
shape of the specimens influenced to some extent 
the creep and ductility values obtained. 

These variables may explain some of the differ- 
ences between test results of various samples in 
this investigation, and also between results from 
this investigation and those reported by other labo- 
ratories. The range in results has been considered 
representative of that which might be expected in 
commercially produced sheaths. 
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Table 1 
Sheathing Tested 
Sample Classification Out- Nomi- Manu- Sheath Material 
of lead side nal fac- received used in 
dia. thick- turer service 
in. ness ; 
64th 4 
inch ’ 
J Common Desil- . 
verized Lead A 2.88 12 IV Noy. 1928 Yes 
K 34% Antimony 2.88 9 Tit Nov. 1928 ‘Yes 
Vv 2% Tin 3.25 10 IV 1930 (from 
service) Yes 
€ Copper Lead 2.66 16 I Dee. 1934 Yes 
0 04% Calcium 2.63 ib IL Feb. 1935 $n. 
7 Common Desil- 
verized Lead A 3.03 10 I Sept. 19385 Yes 
nN Common Desil- 
verized Lead A 3.00 10 Vv Oct. 1936 Yes 
2B .03% Calcium 2.81 Wf IL Oct. 1935 gee 
2C Copper Lead 2.75 8 VIL Novy. 1935 Yes 
2b Copper Lead 2.75 9 Vv Dec. 1935 Yes 
2F Copper Lead 3.00 10 I Dec. 1935 Yes @ 
2G Copper Lead 2.88 10 VII Apr. 1936 ‘Yes 
2K 1% Antimony 2.60 7 It Aug. 1936 Yes 
2M Common Desil- 
verized Lead A 2.88 10 Ix Oct. 1936 Yes @ 
20 2% Tin 2.38 9 IV Oct. 1936 Yes 
2P -03% Calcium 2.44 7 I Noy. 1936 on 
2Q Chemical Lead 2288)" 10 VIIL Nov. 1936 Yes @ 
2R Soft Undesil- 
verized Lead 2.58 10 VII Feb. 1937 Yes 
28 .03% Calcium 2275 10 Vv Apr. 1937 Pe 
2SN .03% Caleium 2275 8 V Noy. 1938 ae 
2T 04% Calcium 2.56 8 IL Feb. 1935 oon 
2U Chemical Lead 2.75 8 VII Mar. 1938 Yes 
2V Corroding Lead 
+ Copper 3.00 20 VII Feb. 1939 
L-73B Chemical Lead 
(sodium treated) 2.50 8 VIL Aug. 1938 Yes 
C-88 .03% Calcium 2.38 7 I Mar. 1940 ae 
C-92 244% Tin 2.34 9 IV Mar. 1940 Yes 
C-139 .02% Caleium 2.14 iy Vv Sept. 1939 a 
L-144 .02% Caleium 2.38 7 V Feb. 1940 
C-192 Arsenical Lead 2.47 8 I Oct. 1941 ee; 
C-296 Chemical Lead 2.41 9 IV Sept. 1938 Yes 
C-297 02% Calcium 2.39 8 Vv Sept. 1939 Ae 
C-298 Acid Lead 2.28 8 Ate Aug. 1941 Yes 
C-299 Copper Lead 2.36 9 I Sept. 1941 Yes 
C-302 Common Desil- 
verized Lead A 2.53 9 IV July 1942 Yes 
C-331 Arsenical Lead 2.22 8 I Feb. 1944 Yes 
C-361 Chemical Lead 2.41 8 IV Aug. 1942 Yes 
C-389 Arsenical Lead 2.34 8 I Jan. 1945 Yes 
C-404  Arsenical Lead 2.42 9 I July 1945 Yes 
C-409 Copper Lead 2.69 9 VII Jan. 1946 Yes 
C-410 Copper Lead 2.69 9 VII Jan. 1946 Yes 
C-411 Tin-Antimony 2.70 9 VIL Jan. 1946 am 
C-417 Arsenical (Cu) 2.138 8 Vv May 1946 Yes 
C-430 Arsenical (Cu) oe 8 VIL Feb. 1947 aan 
C-433 Arsenical (Cu) 2.34 8 IV Sept. 1947 
C-436 Arsenical (Cu) 2.30 8 VIIL Dec. 1947 
C-441 Arsenical Lead 
(Cu) 2.34 8 VIL Dec. 1947 30 
C-445 Arsenical Lead 2.91 8 VIII June 1948 Yes 
C-446 Arsenical (Cu) 2.34 8 Vv July 1948 Yes 
C-450 Arsenical (Cu) 2.34 8 IV July 1948 Pe 
C-451 Arsenical (Cu) Vier f 8 VII July 1948 Yes 
C-458 — Arsenical Lead 2.42 9 I May 1949 Yes 
C-468 Arsenical (Cu) 2.41 8 V July 1949 Yes 
C-470 — Arsenical Lead 2.33 8 IV Sept. 1949 Yes 
C-473 Arsenical (Cu) Py BS) 8 IV Feb. 1950 Ar 
C-475 Arsenical (Cu) CAH § 8 VIII Mar. 195! 
C-478 Arsenical (Cu) 2.38 8 Vv Sept. 1950 
C-479 Arsenical (Cu) 2.39 8 Vv Sept. 1950 Yes 
C-482 Arsenical (Te) 2233 8 IV Dee. 1950 Yes 
C-483 Arsenical (Te) 2.33 8 IV Dee. 1950 Yes 
C-484 Arsenical (Cu) 2.38 8 VII Nov. 1951 Yes 
C-486 Arsenical (Cu) 2.34 8 VIII Nov. 1951 
C-487 Arsenical (Cu) 2.34 8 VIII Nov. 1951 
C-488 Arsenical (Cu) 2.34 8 VIIL Nov. 1951 Bes. 
C-492 Arsenical (Te) 3.06 9% IV Feb. 1953 Yes 
C-494 = Arsenical (Te) 3.06 9% IV Feb. 1953 Yes 
C-498 — Arsenical Lead 2.27 8 IX Dec. 1953 Yes 
C-502 Arsenical (Cu) 2.38 8 VIII Feb. 1954 hoe 
C-504 — Arsenical Lead 2.34 8 it Dec. 1954 Yes 
C-505 Arsenical (Cu) 2.39 8 VII Dee. 1954 Yes 
5-506 Arsenical (Te) 2.38 8 VUL 


Mar. 1955 Yes 
01% Calcium . 


Arsenical (Cu) denotes an arsenical lead alloy that contains between 0.03 
and 0.06% copper. Others had less than 0.01% copper. Arsenical (Te) 
Bowel an arsenical lead alloy that contains between 0.060 and 0.094% 
elurlum, 
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Table 2 
Chemical Composition of Samples Tested 
; é 4 Content in % by weight 
Sample Classification Silver Copper Bis- Anti- Tin Zine Nickel Tron Arsenic Tellu- 
muth mony rium 
C-498 Arsenical Lead -002 .002 .088 .010 134 - 0002 trace 0008 Sli a 
C-502 Arsenical (Cu) .0002 .033 .021 .005 -146 trace trace .0010 074 
C-504 Arsenical Lead .002 -O11 .089 -005 -119 -0001 trace .0007 .163 
C-505 Arsenical (Cu) . 002 .046 .065 .012 .109 .0001 trace .0009 .137 Archon 
C-506 Arsenical Lead -001 -003 O71 - 002 -120 -0001 -O001 .0008 .158 -062 


For chemical compositions of other samples tested see Bulletins 378 or 394 or TAM Report 78. 


For classification of materials, see Appendix B. 


Committee were held during the progress of the 
investigation, and hearty acknowledgment is hereby 
made of the committee’s help in suggesting lines of 
research, planning tests, and reporting test results. 

The tests described in this bulletin have been 
made in the Arthur Newell Talbot Material Test- 
ing Laboratory of the University of Illinois. The 
work has been under the general administrative 
direction of Prof. T. J. Dolan, Head of the Depart- 
ment of Theoretical and Applied Mechanics. The 


authors are indebted to Professor Emeritus H. F. 
Moore for helpful guidance in this investigation. 
Many of the testing machines and pieces of equip- 
ment used were developed under Prof. Moore’s di- 
rection, and most of the testing technique was 
outlined by him. 

The chemical analyses, except a few cases, were 
made in the Chemical Laboratory of the Common- 
wealth Edison Company under the direction of W. 
R. Homan. 


Il. CREEP TESTS OF STRIP SPECIMENS 


5. Apparatus 


The creep tests reported herein were conducted 
in multiple-bar creep racks. The temperature of 
the test specimens was accurately maintained at 
either 110 F or 150 F. The general construction of 
the creep racks is shown in Bulletin 347*. 

Vibration of the specimens during the creep 
tests was slight. The tests were conducted on the 
third floor of a three-story, reimforced-concrete 
building where little vibration occurs normally. The 
racks were supported on springs. 

Strip specimens were cut longitudinally from 
cable sheathing which had been extruded onto 
cable. Most specimens were one quarter inch wide 
in the ten-inch test section, and the thickness of the 
specimen was the full thickness of the extruded 
sheath in all cases. Ten to one multiplying exten- 
someters, one on each side of the specimen, were 
used to indicate the elongation. A measuring tele- 
scope was used to take the reading to the nearest 


4 


w 


ten thousandth of an inch. When the readings were 
plotted, the average of the two extensometer read- 
ings was used. In some of the tests at 300 psi and 
150 F a brass strip extensometer without multiply- 
ing lever was used on the weaker alloys. Here the 
readings were taken to the nearest thousandth. 


6. Results 


The data obtained from creep tests of cable 
sheathing consist of recorded observations of elon- 
gation and elapsed time under steady tensile load. 
The data in graphical form show elapsed time plot- 
ted as abscissas with creep, expressed in per cent 
increase in length, plotted as ordinates. Bulletins 
No. 306, 378, 394, and T.A.M. Report No. 78 pro- 
vide these data which are too numerous to repeat 
here. Figs. 1 to 6 in this report show creep data 
which have not previously been reported. 

The long-time creep of lead or lead alloys may 
be divided, rather arbitrarily, into three stages: 
(1) a preliminary stage, generally covering the 
first 500 to 1,500 hours under constant load, during 


Elongation in per cent 
Ny 
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C-494 BL! at 200 psi 


c-992 BL 1! at 200 psi 2 


/0000 
load 


/2000 /4000 /6000 /8000 


Fig. 1, Creep-Time Diagram —Tellurium-Bearing Arsenical Lead Samples C-492 and C-494 
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Fig. 2. Creep-Time Diagram — Arsenical Lead Sample C-498 


10000 12000 


which creep progresses rapidly but its rate dimin- 
ishes; (2) a second stage in which the creep rate 
stays nearly constant for the greater part of the 
life of the specimen; and (3) a final stage in which 
the creep rate increases with “necking down” of the 
specimen until final fracture occurs. None of the 
creep tests of strip specimens were carried beyond 
the second stage. 

A large part of the elongation in the first stage 
of creep is due to the immediate elongation upon 
application of load. This is largely elastic deforma- 
tion. However, considerable strain-hardening takes 
place in this period. The test results indicate that 
for most lead alloys, including arsenical lead, the 
creep rate generally continues to decrease slowly 
throughout the second stage; but in some cases the 
trend was toward increasing creep rate. The de- 
crease has been observed in commercially pure lead 
sheath even after more than ten years of testing, 
and is more pronounced in age-hardening and 
strain-hardening lead alloys such as the calcium- 
bearing alloys that were reported in Bulletin 378. 

These three stages of creep are seldom sharply 
defined; instead the test results merge gradually 
from one stage into the next. Readings for at least 
5,000 hours are generally necessary to determine 
the creep rate in the second stage. 


To predict creep for longer times, the assump- 
tion of constant creep in the second stage is very 
useful when based on tests covering a reasonably 
long period, in that it permits comparison of vari- 
ous materials and extrapolation of the results to 
longer periods. It tends to give values of creep for 
extended periods of time which are on the high side 
and hence appear amply safe for design purposes. 

In this as in previous bulletins, the beginning 
of the third stage of creep is regarded as marking 
the effective termination of service life. The extra- 
polation of the data must therefore be limited to 
the second stage. The method proposed by P. G. 
MeVetty" gives predictions of creep to 10,000 
hours which, when determined from sensitive meas- 
urements during 5,000 hours on test, are in close 
agreement with the results of creep tests actually 
continued to 10,000 hours. 

In MeVetty’s method the elongation is plotted 
against time, and a straight line is determined to 
represent creep in the second stage. The inter- 
cept of this line with the axis at zero time is 
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Fig. 3. Creep-Time Diagram — Arsenical Lead Sample C-502 
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Fig. 4. Creep-Time Diagram — Arsenical Lead Sample C-504 
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Fig. 5. Creep-Time Diagram —Arsenical Lead Sample C-505 


Recent Results of Creep Tests of Strip Specimens 
2,000 hours 


Stress 
psi 


300 
200 
300 
200 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
300 
200 
150 
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Total 
creep 
% 
pil 
.015 
065 
.040 
.140 
060 
.040 
.20 
.40 
.20 
19 
045 
.025 
.45 
135 
.080 


ssosososososssssessesssessessesorssesessoo 
a 
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5,000 hours 
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Total 
creep 
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S 
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Total ereep in 10,000 hours 


based on tests to 


2,000 5,000 
hours hours 
0.250 0.225 
0.015 0.035 
0.095 0.180 
0.080 0.060 
0.062 0.608 
0.220 0.220 
0.120 0.100 
6.00 5.90 

2.00 1.84 

1.00 0.80 

0.55 0.54 

0.105 0.075 
0.045 0.044 
2.25 2.20 

0.475 0.504 
0.295 0.300 
0.828 0.811 
0.140 0.136 
0.080 0.077 
3.04 3.04 

1.30 1.48 

0.80 0.83 

0.51 0.51 

0.125 0.121 
0.117 0.092 
2.75 2.80 

1.20 1.26 

0.685 0.76 

O.145, seca 
0.040 

0.036 

0.65 
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designated e,, and the slope of this line (repre- 
senting creep rate) is designated v. There the total 
elongation due to creep for any time t up to the 
beginning of the third stage is E = e, + vt. 

The MeVetty method is satisfactory for most 
of the alloys tested in the range of stress and temp- 
erature that is common in service. At the upper 
limits some deviations have been observed. Some of 
the arsenical lead alloys at 300 psi or more at 
temperatures above 110 F have a self-annealing 
tendency. After a short strain-hardening period 
these alloys seem to recover; that is, they lose their 
strain-hardening, and their creep rate increases as 
the test progresses. Some arsenical leads are very 
ductile; they continue to creep at this accelerated 
rate for long periods of time. This condition leads 
to prediction of less total creep for 10,000 hours, 
based on 5,000 hour tests, than actually occurs. 
Many of the creep tests have been continued to 
very long times— up to six years for strip speci- 
mens under tensile stress and 18 years for tubular 
samples with internal pressure. In general, the 
creep has continued with little change in rate until 
shortly before fracture. 

The estimated total creep in 10,000 hours as 
given by the MecVetty method is shown in Table 3 
for all the arsenical leads not previously reported. 
All tests reported here, except for sample C-506, 
have been in progress for 5,000 hours or more. 
These data show the effect of stress and tempera- 
ture on total creep of the alloys for a given time. 
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Table 4 shows the total creep for the various 
samples at 110 and 150 F for the first 5,000 hours 
of testing at stresses of 150, 200 and 300 psi. Table 
5 shows the average values of total creep in 5,000 
hours for several types of sheathing. These data 
indicate that the creep rate of copper-bearing lead 
is somewhat lower than that of common desilver- 
ized lead A, especially at the higher stresses. This 
was shown in more detail in Bulletin 306. For the 
arsenical lead alloys, the average creep in 5,000 
hours is about one third of that for copper-bearing 
Jead. There was no consistent difference in this re- 
spect between the arsenical alloys that contained 
less than 0.01% copper and those that contained 
0.03 to 0.06% copper. Other differences in the sam- 
ples probably obscured the effects the copper had, 
if any. In general the arsenical lead alloys that con- 
tained 0.06 to 0.09% tellurium showed much lower 
creep rates than the other arsenical leads. 


Table 4 
Summary of Creep Tests of Strip Specimens 


Material Total creep in 5,000 hours — Per cent 
At 110 F At 150 F 
150 200 300 psi 150 200 300 psi 
Desilverized lead, 02329 ea (xt es 0.48 L258 
Corroding lead with 
copper added, 2V 0.28 (URS? emer ee dais Maes weie 
Copperlead,2C ~~ ..... O02 geaats 1.45 1.66 Seces 
Copperlead,2H ..... O18. = Rear er eee Sone 
Gopper lead 2G eit, = ace eee 0.48 Bhan site 
@opperilead;e = ema OBZ eh cts aiaits eae sae 
Chemical lead, C-296 0.124 OSN02). aawnte aoe pare pees 
Chemicalilead C361) 97 easeee cee ete 0.125 0.51 S900 
216% tin, C-92 0.91 ESO = ajacte Sona Jone tists 
0.01% calcium, L-657 0.025 0.032 0.25 Sriar three 
0.02% calcium, L-144A 0.022 0.035 0.07 0.080 0.32 
0.02% calcium, L-144B, 
heat: treated’ <0 Go 29h macro Me seaye [maitre 0.039 0.053 0.096 
0.02% calcium, C-297 0.030 0.038 0.095 Gaia mal as 
0.03% calcium, C-88 — ..... 0.062 0.280 aye 0.080 0.425 
Arsenical lead low in 
copper content, C-192 0.042 0.092 0.465 oes ABA sists 
C-331* 0.047 OLO7S yess 0.090 0.200 2.15 
C-389* 0.027 0.044 0.121 0.095 0.190 1.26 
C-445* 0.053 0.076 0.324 0.080 0.19 0.44 
C-458* 0.048 0.085 0.50 0.46 0.57 1.68 
C-470* 0.054 0.105 0.54 0.34 0.44 1.98 
C-498* 0.059 0.118 0.313 0.39 0.90 2.94 
C-504* 0.051 0.088 0.438 0.41 0.71 1.53 
Arsenical lead with 0.03 
to 0.06% copper, C-417* 0.050 0.090 0.645 0.075 0.196 1.68 
C-430 0.225 0.507 1.12 1.10 1.18 2.93 
C-433 0.112 0.34 0.66 0.40 1.55 3.07 
C-436 0.14 0.30 0.89 0.58 1.60 2.35 
C-441 0.065 0.15 0.72 0.40 0.68 1.74 
C-446f 0.038 0.11 0.56 0.19 0.44 1.78 
C-450 0.049 0.083 0.294 0.42 0.65 2.50 
C-451* 0.030 0.080 0.292 0.12 0.35 1.23 
C-468* 0.040 0.056 0.154 0.115 0.20 1,12 
C-473 0.023 0.047 0.150 0.060 0.30 1.32 
C-475 0.057 0.103 0.345 Fao6 a ihae sooo 
C-478+ 0.041 0.067 0.385 0.140 0.45 2.16 
C-479* 0.100 0.128 0.275 0.28 0.55 2.13 
C-484* 0.053 0.091 0.448 AE HY Bata 
C-486 0.026 0.058 0.147 0.053 0.089 0.30 
C-487 0.038 0.063 0.227 0.25 0.37 1.63 
C-448 0,059 0.089 0.103 0.051 0.081 0.28 
C-502 0.032 0.059 0.320 0.15 0.27 1.09 
C-505* 0.069 0.078 0.280 0.38 0.58 1.40 
Arsenical lead with 0.06 to 
0.09% tellurium, C-482* 0.034 0.054 0.128 0.070 0.162 0.92 
C-483* 0.039 0.053 0.098 0.067 0.145 0.44 
C9 OF eras 0.022 0.155 nOb epee sia 
C-494* 0.053 0.093 


* Samples represent alloys that have been used commercially. 

+ Samples C-446 and C-478 were not quenched after extrusion. Samples C-468 
and C-479 are similar material that was quenched. Sample 0-482 was quenched from 
= F bis is almost no quench, while C-483 of the same kind of alloy was quenched 
rom 417 F, > 
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Table 5 
Average Values of Creep for Several Types of Cable 
Sheathing That Have Been Accepted for Service 


Material No. of Total creep in 5,000 hours — Per cent 
samples at 110 F At 150 F 
tested 150 © 200 300 psi_«««:150 © 200-300 psi 

Desilverized lead 1 32 tare aie 48 1.58 apr 
Copper-bearing lead 6 oi 8} -23 Bis 69 1.08 2 
Arsenical lead low in 
copper content if 049 .086 87 27 45 es 
Arsenical lead with 
.03 to .06% copper 6 057 087 35 19 37 1.91 
Arsenical lead with 
.06 to .09% tellurium 4 -037 046 094 07 15 .68 


The creep resistance of the various sheathing 
alloys is affected considerably by the temperature 
and pressure conditions under which the sheath was 
extruded and by the method of cooling after extru- 
sion. In some cases the alloying constituents tend 
to plate out onto the walls of the extruding die 
and then to pass through into the sheath in concen- 
trated amounts. Extrusion temperature and work 
hardening affects the degree of saturation and the 
dispersion of the alloy constituents. Hence two 
alloys of the same chemical composition and grain 
size may have widely different creep characteristics. 

The creep resistance of lead can be increased 
by alloying. One of the most effective alloying ma- 
terials is calcium in the amount of 0.01 to 0.04%. 
It was tried experimentally for sheathing on power 
cable during the 1930’s. Further increases in creep 
resistance can be gained by adding 0.016% mag- 
nesium and a little tin. By special heat treatment 
the creep resistance of this calcium-type alloy can 
be further increased. Such a material was L-144B, 
the most creep resistant material tested at 150 F. 
However, such alloys age-hardened to such an ex- 
tent that they were not considered serviceable. 

Arsenic has been found to enhance the creep 
resistance of lead. If the amount of arsenic were 
greater than about 0.2%, the alloy would probably 
lack the ductility that is required for cable sheath- 
ing. The age-hardening of the arsenical lead alloy 
may be controlled to a usable degree by balanced 
additions of smaller amounts of tin. The mechanical 
properties of the arsenical leads are greatly affected 
by extrusion conditions and by heat treatment. The 
creep resistance of arsenical lead C-486 at 150 F 
is as high as that of calcium-type alloy L-144A, 
while the creep resistance of arsenical lead C-433 
at 150 F is about as low as that of common de- 
silverized lead. This indicates the need for proper 
control of composition and treatment at the fac- 
tory to obtain the desired properties. Shanklin 
and Eckel’ have shown that the addition of 0.07 
to 0.10% tellurium to arsenical lead reduces the 


effect of the factory treatment on the properties 
of the sheath. 

Tin alone in lead does not increase the creep 
resistance to low stress in the temperature range 
of 110 to 150 F. In tests at 110 F, the 2.5% tin™ 
alloy C-92 had less creep resistance than common 
desilverized lead. 

Antimony in the amount of 1% increases the 
creep resistance of lead slightly at stresses of 200 
psi and above, at 150 F. At higher stresses and 
lower temperatures antimony strengthens lead con- 
siderably. 

Copper in the range of 0.05 to 0.07% improves 
the creep resistance of lead under 200 psi stress. 
Some of the copper and chemical leads that were 
tested had creep resistance equal to and better than 
some of the least resistant arsenical leads. 

Bismuth in contents from 0.01 to 0.10% in- 
creased creep resistance in lead having copper con- 
tents ranging from a trace to 0.07%. In almost 
every case where the copper contents were about 
equal, the material with the higher bismuth content 
had more creep resistance. 

In the 150 to 300 psi stress range, most of the 
lead alloys showed a strain-hardening type of creep 
curve for 20,000 or more hours at or below 150 F. 
As the test progressed, the creep rate either de- 
creased or remained constant. This evidence of 
hardening had slight application to copper-bearing 
lead, was more evident in arsenical lead alloys, and 
was most pronounced in calcium lead alloys. At 
150 F and 300 psi, many of the arsenical leads 
showed some recovery, and the creep showed a self- 
annealing tendency or a slightly increasing creep 
rate. Heat treatment after extrusion can remove 
this tendency, however, as in the case of C-483. 
Copper and tellurium haye been added to the 
arsenical leads to overcome this tendency of self- 
annealing with only moderate success. Heat treat- 
ment seems to be the more successful method. 

Temperature of extrusion affects the grain struc- 
ture of the sheath. At the lower temperatures, 
higher extrusion pressures must be used. Thus a 
smaller grain structure is produced which is more 
resistant to slip at lower temperatures and higher 
stresses. Lead alloys so extruded are more prone to 
recrystallization in the creep test, and are likely 
to have discontinuous precipitation within the 
grains, which results in less creep resistance at 
higher temperatures. This is demonstrated many 
times in the creep tests where a low-temperature 
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extrusion shows better creep resistance at 110 F 
than a similar sample that was extruded at higher 
temperature, while the latter showed better creep 
resistance at 150 F. 

For lead alloy cable sheathing a common prac- 
tice has been to use slightly more of the alloying 
element than the limit of solid solubility at room 
temperature. This usually gave an alloy of higher 
tensile strength than lead without too much loss of 
ductility. The antimony and tin alloys are of this 
type. The solid solubility of these metals in lead 
is 2.0% or less. Bismuth and thallium are examples 
of elements that are very soluble in lead. Binary 
alloys of these materials and lead have low tensile 
strength and are very ductile. Copper and calcium 
are metals that have very low solid solubility in 
lead. These materials in very small amounts in- 
crease greatly the tensile strength of lead. Too 
much copper (over 0.07%) or calcium (over 0.04%) 
tends to reduce the ductility of lead in long-time 
tests at low stresses. 

There seems to be a direct relation between the 
atomic radii of some metals and their effect upon 
strength and ductility when alloyed with lead. 
Metals with atomic radii close to that of lead 
(which is 1.74 angstroms) * are very soluble in lead 
and have little effect on its strength and ductility. 
Metals with atomic radii somewhat different from 
that of lead, such as tin (1.40), antimony (1.34), 
and tellurium (1.33 to 1.43), have limited solid solu- 
bility in lead and their effect on the strength and 
ductility depends largely on the heat treatment 
and work-hardening of the sheath. Arsenic (1.16) 
and copper (1.27) have atomic radii quite different 
from that of lead and their solubility in lead is 
quite limited but their effect upon the tensile 
strength is relatively large. These metals do not 
affect greatly the ductility of lead unless unstable 
intermetallic compounds are formed. The tendency 
to form stable intermetallic compounds based on 
the valency effect produces physical properties that 
are, in some cases, out of line with those that would 
be expected based on their atomic radu. 

Arsenic forms a compound with tin, Sn;Asz, 
which is very stable and causes dispersion of the 
alloying constituents throughout the matrix. This 
dispersion may be responsible for the good creep 
resistance and ductility of most of the arsenical 
leads that were tested. Caletum may form three 


* Effective atomic radii given in parentheses are from Table 697 of 
the Smithsonian Physical Tables.’ 


compounds with lead, Pb;Ca, PbCa and PbCazs, 
but only the first of these, Pb;Ca which is fairly 
stable, is formed in commercial calcium-lead alloys. 
The rate of precipitation of Pb;Ca from the super- 
saturated solution is affected by the cooling rate; 
slowly cooled alloys with 0.03% calcium may not 
show precipitation for a year at room temperature, 
but at 430 F the calcium compounds agglomerate 
rapidly. The precipitation of these compounds ac- 
counts for the increase in tensile strength and loss 
of ductility of some calcium alloys in aging. 

Magnesium and lead form the compound 
Mg.Pb. Magnesium and calcium form the com- 
pound CaMg,. When about 0.015% magnesium and 
0.02 to 0.03% calcium are added to lead, an alloy 
of high strength but very low ductility is obtained. 
Sheathing of this composition had attractive prop- 
erties soon after extrusion but in a few years be- 
came too hard and brittle for use on cable. One per 
cent of magnesium in lead would produce an alloy 
that deteriorates in moist air, but lead which con- 
tained small amounts of magnesium and a little 
tin showed no such tendency. 

In the arsenical leads that contain copper, the 
compound Cuz;As may be present. This compound 
may be hard to keep well dispersed throughout the 
sheath since it floats in molten lead and may be 
skmmed off. Thus some alloying constituent may 
be lost at the lead press either as dross in the melt- 
ing kettle or as concentrate separating from the 
lead during extrusion. 

Metals such as arsenic, calcium, silver and tel- 
lurium, when added in small quantities, reduce the 
erain size of lead. The finer grain size offers more 
slip interference and also retards recrystallization, 
resulting in higher tensile strength and increased 
creep resistance. 

For good creep resistance the best arsenic con- 
tent seems to be slightly less than 0.02%. The 
optimum tin content appears to be somewhere be- 
tween half the arsenic content and equal to the 
arsenic content. Material containing more tin than 
arsenic had less resistance to creep, especially at 
150 F. However, a copper content of 0.04% in an 
alloy containing more tin than arsenic appears to 
have improved the creep resistance to equal that 
of the alloys richer in arsenic. The long-time duc- 
tility of the tin-rich alloys was, however, low. When 
either copper or tellurium was added to the arsenic- 
rich alloys, the creep resistance was improved 
without much loss in ductility. 


ill. CREEP OF CABLE SHEATHS UNDER INTERNAL PRESSURE 


7. Samples Tested and Apparatus Used 


The samples of cable that were used in the 
ereep tests with internal pressure were six feet 
long in the room temperature test and four feet long 
in the 150 F tests. The test apparatus was de- 
scribed in Bulletin 306, pages 54 to 57, and in Bulle- 
tin 394, page 27. Expansion readings were taken 
periodically with a dial micrometer. Gage points 
were steel hemispheres that were sweated onto the 
sheath 90 degrees apart around the circumference 
at one-foot intervals. The room temperature tests 
were made in a basement where the average yearly 
temperature was about 78 F. Electrically heated 
ovens were used in the 150 F tests. The 25 psi 
pressure at room temperature was applied through 
oil by means of a mercury standpipe. For 25 psi 
pressure at 150 F a hydraulic accumulator was 
used. Pressurized oil reservoirs supplied the 50 
and 80 psi pressures used in the room temperature 
tests and 40 psi pressure used in the 150 F tests. 


8. Results 


A brief summary of the data obtained from 
sheaths under internal pressure is given in Table 6. 
Graphs showing in detail the expansion with time 
for the various sheaths were presented in the pre- 
vious reports and hence are not repeated here. 

The hoop stresses were calculated by means of 
the formula for thin-walled cylinders, — stress in 
pxd 

2b 
psi and d and t are the inside diameter and thick- 


ness of the sheath in inches. The creep rates shown 
in Table 6 are the average values for the second 
stage of creep. They represent in most cases very 
long periods of time on test. 

After considerable testing at room temperature 
at 25 psi in lead sheaths and 40 psi in alloy sheaths, 
the pressures were increased to 50 and 80 psi, re- 
spectively, in order to obtain failures of the sheaths 
in reasonable time. Immediately after the pressures 


ps, s— where p is the internal pressure in 


were increased, the sheaths went through another 
first stage of creep and then expanded at a greatly 
accelerated rate. For copper lead sheaths 2C and 
2G, the creep rates at 50 psi were 16 and 6 times, 
respectively, the rates at 25 psi pressure. For five 
arsenical lead alloys the average increase due to 
doubling the pressure was over 30 times. 


Table 6 
Creep and Fracture of Sheaths Under Internal Pressure 
Material Internal Hoop Creeprate Years Total expansion 
pressure stress % on lo 
psi psi per year test Average At 
failure 
At Room Temperature 
Desilverized lead, J 25 228 0.29 13.8 4.0 1.3 
Desilverized lead, + 25 200 0.049 14.5 pets apne 
50 BOOMS Sarre nce +-0.11 2.1 3.7 
Desilverized lead, X 25 243 0.28 14.5 4.0 nae 
50 4860 aces +0.38 15.3 22.1 
Copper lead, 2C 25 212 0.054 15.1 1.25 ate 
50 424 0.825 +6.3 4.02 (*) 
Copper lead, 2G 25 209 0.025 15.3 0.44 inlets 
50 418 0.12 +4.1 0.88 (*) 
2% tin, 2H 25 200 0.028 4.9 0.14 (*) 
34% antimony, 21 25 230 0.085 5.1 0.18 (*) 
0.02% calcium and 
0.25% tin, C-139 25 225 0.0024 3.8 0.033. 2248 
40 360 0.0365 -+5.7 0,235 (*) 
0.03%. calcium and 
0.25% tin, 25N 25 230 0.0049 5.7 
40 370 0.025 wes (*) 
Arsenical lead low in 
copper, C-331 40 303 0.020 6.5 0.15 SBrir 
80 606 0.76 +4.4 4.00 (*) 
C-404 40 311 0.040 4.6 0.29 sna 
80 622 1.00 +4.1 3.41 iG) 
Arsenical lead with 0.03 to 
0.06% copper, C-417 40 324 0.040 5.1 0.34 noe. 
80 648 1.36 +3.5 5.60 6.87 
C-430 40 303 0.072 3.2 0.23 (*) 
C-451 40 323 0.020 1.2 0.071 5 
80 646 0.65 +4.1 2.13 (*) 
C-468 40 359 0.10 0.78 0-108 c2: 
80 718 3.10 +1.90 6.43 26.6 
At 150 F 
Desilverized lead, C-302 25 212 1.16 2.74 6.5 1.04 
Copper lead, 2G 25 206 Hee 6.1 13.3 15.3 
Copper lead, C-299 25 192 0.58 10.1 6.6 Wak. 
Chemical lead, C-296 25 200 1.07 10.1 10.8 (*) 
0.02% Ca and 0:25% Sn, 
C-29 40 SUS ose. 0.25 0.21 0.55 
Arsenical lead low in 
copper, C-331 40 303 5.40 3.4 26.4 33.0 
C-389 40 345 3.34 3.0 13.6 17.9 
C-458 40 324 2,92 4.1 14.7 15.9 
Arsenical lead with 0.03 to 
0.06% copper, C-417 40 313 3.82 2.9 11.2 13.3 
C-430 40 303 3.32 1,9 6.8 felis 
C-450 40 327 3.65 3.1 15.4 19.4 
C-451 40 323 1.22 6.9 8.2 (*) 
C-468 40 359 4.37 3.0 18.2 27.7 
C-478 40 360 3.55 3.1 13.4 20.3 
C-479 40 357 2.83 4.0 14.6 (*) 
Arsenical lead with 0.06 to 
0.09% tellurium, C-482 40 334 1.14 4.1 5.0 Cry 
C-483 40 333 0.61 4.2 3.6 (*) 


* Sample removed from test without failure. 

** Recrystallization occurred after about 234 years on test. Creep rates before and 
after recrystallization are shown. 

{ Sample C-417 split at a seam weld in a region of considerable oxide inclusions. 
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| These tests with internal pressure have served: 
| (a) to show the variations in behavior along even a 
| few feet of sheath, (b) to provide a comparison be- 
|tween the creep of the strip specimens and the 
| ereep of sheaths on cable, and (c) to provide infor- 
/ mation on the life of the sheath and the nature 
of fracture. The extent and the causes of the varia- 
tions were discussed in T.A.M. Report 78. 
: The tests of sheaths with internal pressure rated 
the materials in the same order of merit as did the 
tests of strips. The copper and chemical lead had 
better creep resistance than the common desilver- 
ized lead. The arsenical lead alloys had more creep 
resistance than the copper-bearing leads, and the 
margin was greater at room temperature than it 
was at 150 F. The calcium-bearing alloys had the 
highest creep resistance of the materials tested; 
but due to their age-hardening and poor ductility, 
interest in them waned and the internal pressure 
tests of these materials were discontinued to make 
room for other materials. 

In order to compare the creep of sheaths under 
internal pressure with that of strips under tensile 
stress, strip specimens were cut from the same 
sheathing and were loaded to about the same ten- 
sile stress as the hoop stress in the sheath. In gen- 
eral, the creep rates were greater for the strips than 
for the cyclindrical sheaths. In some cases, the 
sheaths would have taken as much as 50 psi greater 
stress for the same rate of creep as the strips. Thus 
the results of the creep tests of strips contain some 
margin for application to sheaths on cable. 

The biaxial state of stress in the sheath sample 
accounts for some of this difference. The longitu- 
dinal stress in the sheath tends to reduce the circum- 
ferential deformation. Furthermore, the extrusion 
process tends to produce a striated structure in 
the sheath, forming grains elongated in the direc- 
tion of extrusion. Thus the cross section of a strip 
specimen cut from the sheath in a longitudinal 
direction has a finer grain structure and will creep 
more at relatively low stresses than the sheath 
which has a somewhat larger structure normal to 
the circumferential stress. Since creep at low stress 
consists mostly of flow at the grain boundaries, the 
strip specimen with relatively more grain boundary 
shows the higher creep rate. In the sheath the plane 
normal to the circumferential stress has less grain 
boundary area and as a result has more resistance 
to creep. However, the elongation at fracture is 
greater for the strip specimen because more slp 


within the grains can take place due to the grains 
previously elongated in the direction of extrusion. 

The tendency for pure lead to recrystalize and 
coalesce, that is, to form larger grains, near room 
temperature tends to remove the striated structure 
acquired in extrusion. The sheathing materials with 
higher alloy content, especially those containing 
arsenic and calcium, retain more of the striated 
structure, which greatly retards the recrystallization 
of lead. This fact substantiates the differences be- 
tween the creep of sheath and longitudinal strip 
specimens of the alloys. Many of the internal pres- 
sure tests were carried out to failure. These test 
results are listed in Table 6. The expansion of the 
sheath after failure was measured with a diameter 
tape. The average expansion shown in the table 
was determined from tape readings taken six inches 
from the steel hemispheres that were sweated onto 
the sheath for creep readings. This expansion is be- 
heved to be equal to that of unrestricted sheath. 
The expansion at the point of failure in most cases 
is lower than one would expect from tests of strip 
specimens. This is due partly to the difference in 
gage length, which is the circumference of the 
sheath (or about 7 in.) and a 2 in. length for the 
strip specimens. 

Many of the samples failed at welds with little 
deformation. A few failed near press stop marks. 
Sample J of common desilverized lead failed at a 
stop mark with only 1.29% expansion at the fail- 
ure while the average expansion for the sample was 
4%. The failure was of the intercrystalline type. 
The arsenical lead sheath C-331 tested at 150 F had 
a press stop mark where the expansion was 6.33%, 
but the sheath did not fail there. The failure oc- 
curred 3 feet from the press stop mark where the ex- 
pansion was 33.0%. C-331 was a very ductile arsen- 
ical lead with a maximum expansion of 37.8%. 
Arsenical lead C-389 at 150 F failed at a seam weld 
with 17.9% expansion. In general, the arsenic-rich 
sheaths were as ductile as any of the leads tested 
in the internal pressure tests. In the room tempera- 
ture test, C-417 was low in ductility and failed at 
a seam weld with 6.87% expansion. The 150 F test 
indicated somewhat greater ductility with 13.3% 
expansion. C-417 contained 0.06% copper which 
may account for this lower value of ductility. C-468, 
which had 0.052% copper, had fairly high ductility 
with 27.7% expansion at the failure. 

These tests indicate that commercially pure lead 
can fail with very little expansion, such as 1.3 to 
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3.7%, when subjected to a steady internal pressure 
for fairly long periods of time. Desilverized lead 
which was extruded with the vacuum process was 
much more ductile than the other two samples of 
the same type of lead. Its expansion at the failure 
was 22.1%. Although the creep resistance of A was 
much lower than that of sheath z, it withstood a 
higher pressure for a longer time. 

The copper and chemical leads were as ductile 
as most of the common desilverized leads, but gen- 
erally less ductile than most arsenical leads. Cop- 
per lead 2G on test at 150 F had a fairly high 
expansion of 15.38% at the point of failure. Copper 
lead C-299 with 7.2% expansion had a high bismuth 
content (0.074%) which may have reduced its duc- 
tility somewhat. In general, the more ductile the 
material of a specific composition the longer it 
will withstand a given stress. This was not the case, 
however, with the copper leads. Sheath C-299 with 
14 psi less stress failed in 88,128 hours while 2G 
failed in 53,000 hours with twice the expansion at 
the failure. 

The caleium-type alloy sheath C-297 failed 
after 1,700 hours of 40 psi internal pressure at 
150 F with an average expansion of only 0.21%. 
The circumferential stress was 358 psi. The failure 
was intercrystalline with no bulging at the crack. 
This test substantiates the general belief that this 
alloy does not have the ductility that is necessary 
for cable sheathing. 

There is generally little evidence of recrystalli- 
zation in the tests of sheaths under steady internal 
pressure. However, recrystallization did occur in 
the 150 F test of copper lead 2G with a large in- 
crease in creep rate. To a lesser extent copper lead 
C-299 indicated recrystallization at 150 F. At room 
temperature common desilverized lead 7 indicated 
recrystallization. (See T.A.M. Report No. 78, Figs. 
10a, 18, and 6a). 

Recovery is so great in the arsenical lead alloys 
that no evidence of recrystallization was obtained 
in the tests at 150 F. Little evidence of recrystalli- 
zation was found in the room temperature tests. In 
the case of sheath C-331, after 1,500 days a period 
of recrystallization was indicated for 300 days; 
thereafter the sheath returned to about the former 
creep rate. 

Due to the irregular expansion of all lead alloys 
in sheath form, it is difficult to determine an ac- 
curate rate of creep for design stresses. The purer 
alloys of lead tend to reerystallize under stress, 


while the strain-hardening alloys, such as the cal- 
cium type, take several thousand hours at low 
stresses to arrive at steady creep rates. On the other 
hand, many of the arsenical alloys show a self-— 
annealing tendency where, after a few hundred” 
hours, the creep rate tends to increase slowly until — 
failure occurs. Table 6 shows average creep rates 
and total expansion for the duration of the test. 
Since the stresses used in the tests were above those 
that should be encountered in service and the meas- 
urements of expansion were not highly accurate, 
the creep rates shown in this table have little value 
for design purposes. For design calculations the 
creep rates shown in the creep-time diagrams and 
summarized in Tables 3, 4 and 5 should be con- 
sidered. 

As the sheaths varied in diameter and thickness, 
the circumferential stresses differed in the various 
samples although the pressure was the same. This 
prevents direct comparison of the creep resistance 
of the various alloys in these tests. However, the 
creep resistances of the calcium alloys, as indicated 
by the creep rates given in Table 6, are outstand- 
ingly high, especially at 150 F. The arsenical leads 
at room temperature had very good creep resist- 
ances, depending on their chemical content, heat 
treatment, and extrusion conditions. At 150 F the 
arsenical leads varied considerably in creep rates. 
Some of them had less creep resistance than the 
chemical lead sheath C-296, which had unusually 
good characteristics for chemical lead. Many of 
them, however, had more creep resistance. 

Samples C-478 and C-479 were nominally the 
same arsenical lead but C-478 was not quenched 
after extrusion while C-479 was quenched in water. 
This quenching improved the creep resistance. Also 
in the case of C-482 and C-483, two samples of an 
arsenical lead alloy containing tellurium were given 
different heat treatments at the lead press. Here 
a greater difference in creep resistance was ob- 
tained. C-483 had a lower creep rate and showed 
strain-hardening while C-482 had a higher creep 
rate with a slight self-annealing tendency. 


9. Tests of Sheaths Containing Lead Press Stop Marks 


In T.A.M. Report 78 the results of creep 
tests were shown for five samples of arsenical lead 
alloy in which lead press stop marks were present. 
Three had about 0.05% copper and two were low 
in copper content. The samples had been sub- 
jected to various heating and quenching treatments 
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in an attempt to eliminate or reduce the pronounced 
variations in properties at and near the stop marks. 

The tests of the two sheaths with low copper 
content have been continued for more than four 
years with internal pressure of 40 psi. The expan- 
sion measurements are shown in Fig. 7. These 
sheaths had been stopped in the lead press for 7 
minutes. Sheath 9267-4 was allowed to cool in air 
after extrusion, while sheath 9266-3 was reheated in 
a molten salt bath and quenched in water. While 
the quenching decreased the expansion of the 
sheath generally, it did not appreciably reduce the 
large variation in properties at the press stop mark. 

In the three samples of copper-bearing arsenical 
lead the internal pressure had been increased to 
80 psi in order to produce fracture in a reasonable 
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time. Two of them failed at the points of maximum 
expansion which were 9 and 51% inches, respec- 
tively, ahead of the press marks. The increases in 
diameter at the failure were 7.64 and 9.52%. The 
third sheath failed 8 inches leading the press mark 
where the expansion was only 6.1%, while two 
inches nearer the mark the expansion was 11%. 

For the samples represented in Fig. 7 there are 
slight peaks in expansion 2 or 3 inches trailing the 
stop marks where the expansions were 7.5% and 
6.0%, respectively. 

These tests show that wide variations in prop- 
erties are produced in arsenical lead alloy sheaths 
at the point where the extrusion press is stopped. 
No treatment has been demonstrated that will ap- 
preciably reduce these irregularities. 
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Fig. 7. Expansion of Arsenical Lead Sheaths at Press Stop Marks 


IV. TENSILE STRENGTH AND DUCTILITY OF CABLE SHEATHING 


UNDER STEADY LOAD 


10. Test Specimens and Apparatus 


The specimens and testing apparatus used in 
the tests to fracture under long-time steady tensile 
stresses are described in Bulletin 347. The speci- 
mens are 434 in. long, with a critical section 2 in. 
long and 14 in. wide. The thickness of the specimen 
was the thickness of the sheath. The critical section 
was lightly marked in 1% in. gage lengths in order 
to determine the maximum elongation after frac- 
ture in the 1 in. gage length in which failure oc- 
curred. Before the specimens were cut from the 
sheath, it was etched to determine the grain struc- 
ture and weld area. 

Some of these tests were made at room tempera- 
ture which averaged 78 F and the others were at 
110 F. The specimens were loaded directly with 
dead weights. In tests that produced failure in less 
than seven days, the time was automatically re- 
corded by specimen-actuated clocks. 


11. Results of Long-Time Tensile Tests 


The results of long-time tensile tests of strips 
cut from cable sheathing are shown in Figs. 8 to 
10. As in the previous reports, a semi-logarithmic 
plotting was used because it gives a more nearly 
straight-line relationship between tensile stress and 
hours to fracture than either Cartesian or log-log 
coordinates. 

There seems to be no definite relation between 
short-time tensile strength as indicated by the static 
tensile test and life to fracture under long-time 
tensile stress. Neither is the static tensile test any 
criterion of creep resistance. It gives an indication 
of the extent of work-hardening or age-hardening 
for a given material, but in comparing materials 
having different alloy contents, one can easily be 
misled by the static tensile test. Many alloys of 
high short-time tensile strength have relatively low 
long-time strength; and some alloys of low short- 


time strength have relatively high long-time 
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strength. For example, the long-time tensile strength 
of C-404 is quite high while that of C-430 is 
very low. The static tensile strength of C-404 was 
2,335 psi and that of C-430 was 2,910 psi. At 
stresses below 900 psi, C-404 is the stronger alloy 
when tested at 78 F under sustained loading. 

The effect of alloying lead with some metals is 
to increase greatly its static and short-time tensile 
strength. Other metals, however, tend to lower its 
long-time tensile strength. Alloys with more than 
0.20% antimony usually had a little lower long- 
time tensile strength than commercially pure lead. 
Too much tin should be avoided. Arsenical lead 
alloys that contain more tin than arsenic have a 
lower long-time tensile strength unless they are 
properly heat treated. The test results seem to in- 
dicate that lead can be easily oversaturated with 
the alloying constituents. Precipitation at the grain 
boundaries tends to weaken the material, causing 
strain-aging to become a significant factor. 

A probable reason why the antimony-lead and 
tin-lead alloys have considerable strength in the 
short-time tests and are little or no stronger than 
commercially pure lead in the longer tests at low 
stresses is that antimony in time tends to segregate 
at the grain boundaries. Deformation of lead under 
high stress is predominantly slip within the grains, 
and antimony particles, if finely dispersed, form a 
mechanical lock in the slip planes. At low stresses 
for longer periods of time, however, the antimony 
tends to segregate, promoting grain boundary sepa- 
ration and hastening failure. The loss of ductility 
of antimonial lead under low stress conditions is 
also partly due to this segregation. 

With aging, the alloys containing small percent- 
ages of calcium and magnesium decreased greatly 
in ductility as is illustrated by samples 2S and 
2SN in Table 7. The dispersion hardening of the 
calcium alloys gives them great short-time strength, 
but the intergranular corrosion of the alloys con- 
taining more than 0.01% magnesium reduces greatly 
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their ductility. The calcium lead alloys must be 
extruded with care or much of the alloy content 
will be lost. Calcium forms two intermetallic com- 
pounds with lead which are unstable under certain 
high temperature conditions. When this happens, a 
sheath of very low ductility is obtained. 

The action of copper in lead seems to be me- 
chanical. Finely dispersed copper particles tend to 
retard slip and thus to increase the strength of the 
lead. The presence of copper may slightly reduce 
the ductility of lead in short-time tests, but there 
is no pronounced reduction of ductility under low 
stress conditions. 

Since bismuth is highly soluble in lead, its effect 
on the strength and ductility is much less than 
that of the more insoluble metals such as calcium, 
copper, and arsenic. Tests were made on alloys of 
various combinations of copper and bismuth; but 
since the copper contents varied somewhat, the 
effect of the amount of bismuth was obscured. All 
of these alloys show a definite trend toward lower 
ductility at the lower stresses. However, the duc- 
tility of these alloys seems ample for cable sheath- 
ing. The test results indicate that a bismuth 
content of 0.1% or less is permissible. 

The alloys that contained arsenic up to 0.2% 
in combination with from 0.084 to 0.127% tin and 
less than 0.1% bismuth had higher tensile strength 
than commercially pure lead and also had good 
ductility characteristics. Those that were relatively 
high in arsenic had somewhat less tin which also 
improved the creep resistance. By causing the dis- 
persion of the other elements, the arsenic increased 
the creep resistance and ductility of the lead. 

The oxides of lead play an important role in 
the strength and ductility of lead alloys. Finely 
dispersed oxide can greatly enhance the tensile 
strength and creep resistance of a low alloy lead. 
However, the ductility of the alloy is reduced, es- 
pecially in the long-time tests at low stress. Since 
the oxides in cable sheathing tend to segregrate at 
grain boundaries and welds, thereby causing pre- 
mature failure in service, clean metal without 
oxides is highly desirable. The presence of finely 
dispersed oxide in some of the alloys tested has 
probably obscured the effect of alloy content and 
grain size on the mechanical properties. 

In the lead alloys the grain size is no criterion 
of strength or ductility in itself. The alloy content 
is a much stronger influence. However, for a given 


Table 7 
Ductility of Strip Specimens Under Steady Tensile Stress 


Material Elongation to Fracture — % in 2 Inches 
1800 1500 1200 900 600 400 psi 
Tests at Room Temperature 

Desilverized lead, x 44 35 32 19 
Desilverized lead, X 41 20 30 
Desilverized lead, 2M 30 30 34 40 
Desilverized lead, 2R 30 34 36 
Chemical lead, 2Q 41 44 37 

Chemical lead, 2U 36 42 36 24 20 
Chemical lead, L-73 30 43 37 21 
Chemical lead, C-361 27 28 28 30 23 

Copper lead, 2C 36 42 43 35 

Copper lead, 2E 44 29 29 

Copper lead, 2F 35 44 24 

Copper lead, 2G 39 35 35 22 

Copper lead, C-409 38 37 35 31 14 

Copper lead, C-410 31 31 29 20 17 
Corroding lead plus copper, 2V 40 32 32 
2% tin, V 19 aly 27 
2% tin, 20 26 21 


1% antimony, K 

1% antimony, 2K 

0.32% antimony and 0.36% 
tin, C-411 

0.02% calcium, L-144 
0.03% calcium, 2B 


bo 
bo 


bo 
Onwe O© FO We 
w 


a 
BPwORNNOMO WO 
bo 


0.03% calcium, 2J 6 
0.03% calcium, 2P 2 28 PA 
0.03% calcium, 2S 5 3 
0.03% calcium, 28N 6 
0.03% calcium, 2T 1 1 16 16 
Arsenical lead low in copper, 
C-404 28 28 40 50 42 
Arsenical lead with 0.03 to 
0.06% copper, C-417 21 16 21 22 
C-430 20 15 13 13 12 
C-433 25 18 17 15 15 
C-436 37 33 38 35 36 
C-441 15 16 18 22 
Tests at 110 F 
Desilverized lead, r 30 28 19 
Chemical lead, 2Q 30 29 35 31 
Chemical lead, C-361 Gif 29 22 22 
Copper lead, C-299 33 15 9 7 
Acid lead, C-298 26 Ly 25 23 
0.32% antimony and 0.36% 
tin, C-411 36 25 19 15 14 26 
0.01% calcium, L-657 50 38 34 30 
0.02% calcium, C-297 4 3 4 4 
0.03% calcium, 28N 2 3 34% 6% 
Arsenical lead low in copper, 
C-331* alg 18 20 25 36 
C-389* 24 26 31 32 41 
C-404* 26 40 30 31 
C-445* 28 24 28 38 
C-458* 21 22 24 38 34 
C-470* 39 36 39 41 39 
C-498* 14 19 16 21 
C-504* 31 30 31 
Arsenical lead with 0.03 to 
0.06% copper, C-417* 20 19 24 21 31 
C-430 34 20 15 15 18 24 
C-433 38 35 30 25 17 38 
C-436 28 28 37 30 37 47 
C-441 25 20 20 21 30 
C-446t 33 36 35 23 17 20 
C-450 30 28 23 23 16 
C-451* 40 42 41 39 34 
C-468* 39 32 34 41 39 
C-473 32 35 33 32 37 
C-475 15 10 5 4 5% 
C-4787 32 34 36 40 42 
C-479* 33 32 21 17 26 
C-484* 21 18 18 16 22 
C-486 11 9 13 24 24 
C-487 15 84% 12 15 
C-488 18 13 10 10 7% 
C-502 25 23 21 18 
C-505* 34 31 26 
Arsenical lead with 0.06 to 0.09% 
tellurium, -482* 24 23 24 30 39 
C-483* 33 23 22 18 
C-492* 56 33 33 38 
C-494* on 20 20 20 
C-506* 40 37 40 


* Samples represent alloys that have been used commercially. 

+ Samples C-446 and C-478 were not quenched after extrusion. Compare 
with samples C-468 and C-479 which are the same material that was 
quenched after extrusion. Sample C-482 was quenched from 160 C which 
is almost = quench while C-483 of the same kind of alloy was quenched 
from 214 C, 
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Fig. 8. Strength-Time Diagram — Common Desilverized Lead A at Room Temperature and at 110 F, 
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Fig. 9. Strength-Time Diagram — Chemical and Calcium-Type Leads at 110 F, 
Calcium-Bearing and Arsenical Leads at Room Temperature 
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alloy content, the larger the grain size the greater 
the ductility and the lower the resistance to high 
stress. Under low stress conditions, the greater 
creep resistance but less ductility go along with 
large grain size. Therefore, a fairly large grain 
size appears to be desirable for cable sheathing, 
since it needs the added ductility to withstand the 
severe deformations met in installing the cable. 

McKeown and Hopkins“ reported on long-time 
stress-rupture tests of various lead alloys in the 
stress range of 500 to 1,250 psi and classified the 
materials as to the trend in ductility with time to 
fracture, — (1) imereasing, (2) decreasing, or 
(3) remaining constant. Sheathing material for 
power cable must have a reasonable amount of 
ductility both initially and throughout the service 
life of the cable. Most laboratory tests are made at 
relatively high stress for short-time as compared 
with the expected cable life. Any material that 
shows a decrease in ductility at the lower stresses 
is looked upon with suspicion. 

Arsenical lead alloys seems to show three zones 
in ductility-stress relationship. There is a stress 
zone of lowest ductility in which the stress is too 
low for much slip to occur within the grains and 
is high enough to cause localized fracture before 
much flow at the grain boundaries can take place. 
Grain size has some effect on this stress —the 
larger the grain size the lower the stress of lowest 
ductility. The grain size effect is often minimized 
by the solubility of the alloy constituents. An ele- 
ment like antimony which tends to precipitate in a 
discontinuous manner tends to decrease the stress of 
lowest ductility. As the precipitation becomes 
more continuous, which occurs during additional 
time at still lower stress, the ductility improves. 
This is a time-dependent phenomenon and must 
occur before much slip and flow have taken place. 

Some alloys precipitate continuously when aged 
at a high temperature but show discontinuous pre- 
cipitation when aged at a lower temperature. This 
seems to be demonstrated in the case of C-445 as 
is shown in Table 7. This alloy, while containing 
more antimony than C-446, is more ductile under 
low stress conditions. The heat treatment of C-445, 
consisting of about a week at 265 F, which was 
incidental to the manufacture of oil-filled cable, 
has given a more uniform precipitation than that 
which occurred in C-446 (from solid-type cable) 
during the strain aging at 110 F. The ductility of 


C-446 at high stress was very good, while the high 
stress ductility of C-445 was lower because of the 
advanced stage of precipitation due to the artificial 
aging (or heat treatment) of this alloy. The duc- 
tility of C-478 increased at the lower stresses, prob- 
ably due to its lower antimony content. Since this 
material was unquenched, it had a lower degree of 
saturation and less discontinuous precipitation oc- 
curred during strain aging; thus resulting in great 
ductility at lower stresses. 

Alloys that have more tin than arsenic are low 
in ductility under low stress conditions. Although 
all the alloys tested contained enough arsenic to 
combine with all of the tin to form the compound 
Snz;As. and still have about 0.10% wuncombined 
arsenic left, the richer tin alloys did show a loss of 
ductility at the lower stresses. This loss of ductility 
indicates that much of the tin had been in or was in 
solution in the lead and was being precipitated dis- 
continuously during the test; resulting in a stress 
range of reduced ductility. C-450 and C-475 are 
examples of this condition. 

Neither copper nor tellurium seriously reduces 
the ductility of arsenical lead under low stress 
conditions if the alloy is properly heat treated. 
Either copper or tellurium tends to reduce the 
ductility of lead but not beyond a usable value for 
éable sheathing. Alloys containing elements that 
form appreciable alpha solid solutions in lead re- 
quire careful heat treatment. Quenching from too 
high a temperature without artificial aging tends 
to produce sheaths that are low in ductility under 
low stress conditions. Strain aging of some alloys 
causes discontinuous precipitation. 

For power cable sheathing, a safe working 
stress must be determined at which no failure will 
occur during the expected life of the cable. Since 
the duration of tests in the laboratory is usually 
only a small fraction of the expected life in serv- 
ice, some extrapolation must be made from the 
laboratory data. For this purpose, the following 
formula gives reasonable results in most cases, 
S=S, (1— ce log t) where S$ is the stress in psi 
for failure in time t in hours, §, is the stress for 
failure in one hour, and ¢ is a constant. With S, 
and e determined from test data giving lives be- 
tween 100 and 1,000 hours, extrapolation by means 
of this formula gave good agreement with the re- 
sults of tests at 400 and 600 psi which produced 
lives to fracture of 50,000 to 100,000 hours. 
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Calculations were made of the stresses that 
would produce failure in 40 years. The results for 
the various sheathing materials are shown in Table 
8 with the distinct understanding that the values 
are to be used mainly for comparative purposes 
and that the actual stresses to cause failure in 40 
years would be higher than those shown for most 
of the materials. The results indicate a marked 
superiority of some arsenical lead alloys in long- 
time strength. 

There are rather wide differences in the results 
for a given type of sheathing with some unreason- 
ably low or even negative values of stress indicated 
by extrapolation to 40-year life. Most of these 
cases were for alloys that were low in ductility or 
that showed intercrystalline failure at low stress, 
such as the calctum-bearing and the tin-lead alloys 
and some of the arsenical lead alloys. Irregularities 
in the sheath cause differences in these tests. For 
example, the indicated stress for 40-year life for 
C-389 at 110 F was 142 psi based on tests of strips 
cut longitudinally on the sheath but only 90 psi 
based on tests of strips cut transversely with the 
seam weld in the test section. Some of the tests of 
copper-bearing lead at stresses of 600 psi or less 
took from one to eight years to failure. As is 
shown in Figs. 8 and 9, most of the curves bend 
toward longer lives at the lower stresses. This indi- 
cates that in many cases extrapolation to the lower 
stresses by means of the formula gives lower values 
than might actually be attained. 

A comparison of several types of material based 
on actual test results, not extrapolated data, is 
shown in Table 9. The copper-bearing leads are 
shown to be in general better than common de- 
silverized lead A in this respect. Chemical lead 
which contains copper as mined shows somewhat 
better life and ductility than copper lead which 
contains copper that was added after refinement. 
This superiority of chemical lead might be due 
also to the presence of silver, which has been shown 
to improye the life to fracture at the higher tensile 
stresses. The arsenical lead alloys that were ac- 
cepted for use in service had an average life six 
to nine times the average for chemical and copper 
lead and about 67% better than the average life 
of the rejected alloys. The accepted alloys were 
generally better in ductility than the other alloys 
and also better than commercially pure lead. Some 
of the highest values for rejected alloys are better 
than some of the lowest values for accepted alloys. 


Table 8 
Calculation of Steady Tensile Stress for Long Life 


In the formula S=S:i (1—-C log t), S denotes the tensile stress, in psi, 
to produce failure in time #, in hours. The constants Si and C are deter- 
mined from the test results for two widely separated values of S which 
in most cases were the stresses for 10 and 10,000-hour life. 


Material 81 Cc Calculated stress 
for failure in 
40 years—psi 
At Room Temperature 


Desilverized lead, 1320 0.159 156 
Desilverized lead, 1195 0.155 170 
Desilverized lead, 2M 1170 0.145 216 
Desilverized lead, 2R 1280 0.137 308 
Chemical lead, 2Q 1900 0.158 238 
Chemical lead, 2U 1720 0.151 278 
Chemical lead, L-73 1760 0.170 115 
Chemical lead, C-361 1960 0.173 76 
Copper lead, 2C 1420 0.161 149 
Copper lead, 2E 1370 0.151 221 
Copper lead, 2F 1490 0.154 215 
Copper lead, 2G 1935 0.160 217 
Copper lead, C-409 1920 0.172 92 
Copper lead, C-410 1910 0.168 137 
Corroding lead plus copper, 2V 925 0.149 162 
2% tin, V 2500 0.180 5 
1% antimony, K 3400 0.176 82 
1% antimony, 2K 2760 0.174 98 
0.32% antimony and 0.36% tin, 
C-411 520 0.182 (*) 
0.02% calcium, L-144 3020 0.139 690 
0.03% calcium, 2B 3852 0.184 (*) 
0.03% calcium, 25 3570 0.190 (*) 
0.03% calcium, 2P 3440 0.172 169 
0.03% calcium, 28 3720 0.164 337 
0.03% calcium, 28SN 3580 0.168 253 
0.037% calcium, 2T 3500 0.186 (*) 
Arsenical lead low in copper, 
C-331 2400 0.162 244 
C-404 1800 0.139 413 
Arsenical lead with 0.03 to 
0.06% copper, C-417 2200 0.152 346 
C-430 3280 0.204 (*) 
C-433 2440 0.144 492 
C-436 2370 0.166 189 
C-441 2720 0.156 367 
At 110 F 
Desilverized lead, + 1130 0.155 160 
Chemical lead, 2Q 1740 0.178 22 
Chemical lead, C-361 1700 0.176 38 
Copper lead, C-299 1260 0.172 56 
Copper lead, C-410 1640 0.177 30 
Acid lead, C-298 1422 0.162 145 
0.32% antimony and 0.36% tin, 
C-411 490 0.197 (*) 
0.01% calcium, L-657 2200 0.171 114 
0.02% calcium, C-297 3560 0.210 (*) 
0.03% calcium, 28N 3360 0.185 (*) 
Arsenical lead, low in copper, 
-331 2385 0.157 306 
C-389 2260 0.169 142 
C-404 1640 0.151 267 
C-445 2490 0.143 523 
C-458 2030 0.159 238 
C-470 1920 0.161 202 
C-498 2180 0.165 185 
C-504 2265 0.152 353 
Arsenical lead with copper, 
1-417 2070 0.163 199 
C-430 2620 0.206 (*) 
C-433 2010 0.174 72 
3-436 2080 0.173 
C-441 2210 0.149 275 
C-446F 1820 0.165 157 
C-450 2440 0.164 224 
C-451 1910 0.154 275 
C-468 1935 0.158 244 
C-473 2300 0.161 248 
C-475 2150 0.177 44 
C-478t 1743 0.157 228 
C-479 2170 0.170 125 
C-484 1990 0.167 145 
C-486 2022 0.144 411 
C-487 1980 0.152 263 
C-488 1916 0.153 290 
C-502 1890 0.185 (*) 
C-505 2180 0.147 407 
Arsenical lead with tellurium, 
C-482+ 1880 0.160 218 
C-483 2495 0.154 360 
C-492 2150 0.159 260 
C-494 2760 0.158 336 


* Extrapolation to 40 years gives negative value of stress. 

+ Samples C-446 and C-478 were not quenched after extrusion. Samples 
C-468 and C-479 are similar material that was quenched. Sample C-482 
was quenched from 320 F, which is almost no quench, while C-483 of the 
same kind of alloy was quenched from 417 F, 

All of the data in this table are based on tests of strip specimens. 
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In those cases rejection was based on other un- The arsenical lead alloys are generally super- 

desirable properties. saturated with the alloying materials. At room 

temperature the solid solution content of the var- 

Table 9 lous constituents, with the exception of tin and 

Actual Life to Fracture of Strip Specimens at 600 Psi bismuth, is very low. Artificial aging of these alloys 

Tensile Stress at 110 F by heating tends to give a lower and more stable 

Material ‘No. of Hours to fracture Blongation in creep rate, since precipitation is more nearly com- 

samples Min. Avg. Max. 2 inches — % 

Min. Avg. Max. plete before the creep tests are started. Strain- 

Desilverized lead 2 15325 1,682 2,039 18 25 32 Eay # s : SAG : aig ee 

ieiitcal lend 8 1.68 4/491 9.720 el OR Be aging may cause discontinuous precipitation within 

hee <5 6 912 2,885 3,936 6.5 18.8 35 the grains. Artificial aging by prolonged heating 
ejected arsenical . ibe . . 

alloys 8 5,688 16,112 22,300 7 28 58 causes continuous precipitation and results in a 


Accepted arsenical Q : aS 
alloys 9 13,272 26,790 57,984 31 85.5 42 more creep resistant and more ductile condition. 


V. REPEATED-BENDING TESTS OF STRIP SPECIMENS 


The sheathing of power cable is subjected to 
repeated bending strains as a result of the daily 
electrical load cycles. During high-load period 
the conductors heat up and expand, thus causing the 
cable to expand in length. This may appear at the 
duct mouth of the manhole as 14 to 34-inch move- 
ment of the cable. Such daily expansion and con- 
traction of the cable causes repeated bending in 
the manhole with total strains of the order of 0.3 
to 0.5% which will in time cause cracking of the 
sheath. Some bending may also occur in the duct 
with snaking of the cable or fatigue of the metal 
may occur due to the pushing and pulling action. 
Another type of fatigue is produced by vibration 
caused by vehicular traffic over underground cable 
or on bridges and the movement of aerial cable in 
the wind. The fatigue of the sheath is usually 
greatest at the points of support, especially if they 
are appreciable distances apart. 

The relative bending resistances of the several 
alloys of lead may be different for various magni- 
tudes of strain. The relatively fine grain alloys 
containing calcium, tin, and antimony have good 
bending or fatigue resistance to rapid strain where 
vibration is present. The copper-bearing leads and 
the arsenical lead alloys have more bending resist- 
ance where the strains are larger and slower such 
as the bending in manholes that results from daily 
load cycles. 

Since lead is used for cable sheathing at tem- 
peratures above its recrystallization temperature, 
creep can occur at very low stress. The frequency 
of the stress cycles becomes important in bending 
and fatigue testing. If the frequency is high, a 
larger number of cycles before failure will be ob- 
tained. This was true of materials with the alloy- 
ing constituents largely at the grain boundaries. 
When the stress frequency is low, as in daily bend- 
ing cycles in the manhole, the lower content alloys 
can be expected to have better bending resistance. 
This is mainly because they are usually more 
ductile and can creep enough to reduce the stress 
to a point where less damage is done per cycle. 
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On a few occasions during the life of a cable, 
it may be subjected to a cycle or two of emergency 
loading which may produce considerably greater 
movement and greater strains at relatively high 
temperatures. While the number of cycles that the 
sheath can withstand under such conditions may 
be relatively small, such occurrences are so infre- 
quent that they have an insignificant effect on the 
total life of the cable sheath. 

Cable sheaths must be sufficiently ductile to 
withstand, without appreciable wrinkling or crack- 
ing, a few cycles of large strain such as the bend- 
ing that is involved in wrapping the cable on a 
reel and in installing it for service. Some materials 
that show good ability to withstand bending in 
the normal range of 0.3 to 0.5% strain are not 
ductile enough to withstand such handling. 


12. Earlier Bend Tests 


During the past 25 years several different types 
of bending and fatigue tests have been run on lead 
alloys. In Table 5 of Bulletin 306 results were given 
for fatigue tests of four kinds of sheathing in which 
strip specimens were held at one end on a calibrated 
spring and oscillated at the other end at the rate 
of either 700 or 2,500 rpm. These tests were made 
at room temperature. The results were given in 
terms of the stress near the surface of the strip 
specimen to produce fracture in a given number 
of bending cycles. Generally higher stresses were 
shown for the higher frequency. The 2% tin lead 
alloy displayed a greater difference due to speed of 
bending than the other three materials. The caleu- 
lated stresses near the surface of the specimen to 
produce fracture in 10,000,000 cycles were: 


Speed of bending 700 rpm =. 2500 rpm 
Commercially pure lead 700 psi 650 psi 
2% tin lead 700 psi 950 psi 
0.75% antimony lead 1200 psi 1300 psi 
0.04% calcium lead 1500 psi 1550 psi 


These data show the advantages of the alloys in 
withstanding rapid bending such as that produced 
by vibration on bridges or on aerial cables. 
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In other tests on the same testing machine, one 
end of the strip specimen was held rigidly and the 
specimen was bent back and forth to a given angle 
from the straight position. The relative number of 
eycles to fracture were quite different from those 
in the former tests as the following results show. 


Angle of bend 0 deg., 45 min. 5 deg., 25 min. 


Commercially pure lead 316,000 5,870 
2% tin lead 127,300 3,620 
0.75% antimony lead 1,163,400 2,480 
0.04% calcium lead 904,500 3,015 


In these tests the antimonial lead was by far the 
best when bent to an angle of only 45 minutes but 
was the worst when bent to 5 degrees, 25 minutes. 
These results indicate that the choice of sheathing 
materials for a given application should be based 
on tests that simulate the service conditions. 

To investigate the effect of strain frequency on 
the number of bends to fracture, tests were run on 
a chemical lead and a calcium-bearing lead alloy 
at frequencies of 1, 6, 44, and 248 cycles per minute. 
Again strip specimens were held on one end and 
moved in cycles at the other end. The results of 
these tests are shown in Figs. 20 and 21 of Bulletin 
347. The chemical lead showed a greater reduction 
in the number of cycles to failure as the test fre- 
queney was reduced than did the calcium lead. In 
both cases the number of cycles continued to de- 
crease with decreasing speed of bending. This indi- 
cates that with 24-hour cycles such as encountered 
in service, the number of cycles to failure would be 
considerably less than that shown in the tests with 
1-minute cycles. Some further information on the 
effect of speed of bending is given in the following 
sections on more recent tests. 

Results of bend tests on 32 in. samples of 
500,000 cir mil, 3 conductor, 12 ky cable were 
reported in Bulletin 394, pages 51 to 55. The distri- 
bution of strain in the sheath is quite different 
when a piece of cable is bent than when a strip of 
metal is bent. The results of the two types of tests 
are not directly comparable. The tests of samples 
of cable indicated better lives for the smaller 
grained alloys than for the larger grained alloys 
at values of strain less than 0.5% which are com- 
mon in service. At high strains (large cable move- 
ments) some of the larger grained alloys appeared 
to be better. These bend tests were discontinued 
because of difficulties in controlling the stresses on 
the short samples. ‘ 


13. Apparatus Used in Latest Bend Tests 


In order to compare the bending resistance of 
various lead and lead alloys, tests were run on 
strip specimens in the range of 0.3 to 0.5% total 
strain at speeds of one cycle in 1, 10, and 60 minutes. 

Two of the machines used for these tests were 
described in Bulletin 378, pages 67 to 69. The speci- 
men was a 91-inch strip of sheathing with 2 inch 
active section. It was tested as a simple beam 
supported at each end with double pivots and 
loaded at two symmetrical points along its span 
by a double and single pivoted push rod. These 
machines gave an intermittent or interrupted strain 
cycle to the specimens. A third machine was built 
with a more nearly sinusoidal strain cycle. Adjust- 
able cams, one for each specimen, were added to 
the design to activate the push rods. The tappet 
arrangement was retained so that by adjusting the 
cams to the full strokes of the previous machines 
the same interrupted strain could be used when 
desired. Zero tappet clearance was used in the 
sinusoidal strain cycles. 

The strain was measured by the use of a radius- 
of-curvature gage of 2 inch gage length which was 
described in Appendix B, Bulletin 378. The number 
of cycles necessary to cause failure was recorded 
by rachet counters which ceased to record when 
the specimen was completely broken in two. The 
machines were mounted in ovens which were heated 
electrically and were thermostatically controlled at 
either 110 F or 150 F. The sinusoidal and one inter- 
mittent cycle machine were geared to run with 
either 1-minute, 10-minute, or 1-hour cycles. The 
other intermittent cycle machine could be operated 
with either 1-minute or 10-minute cycles. 

The tests were made at three temperatures: 
room temperature, 110 F, and 150 F. Most of the 
tests were made at 110 F with 10-minute cycles for 
the purpose of comparing various sheathing mate- 
rials. Some tests were made with both 1-minute 
and 60-minute cycles to determine the effect of 
speed of bending on the life to fracture. The total 
strains at the outer surfaces of the specimens were 
0.3, 0.4, and 0.5% (0.15, 0.20 and 0.25% strain in 
each direction). These strains were accurate only 
at the start of the test. There was slight increase in 
the readings of the curvature gage as the specimens 
elongated under stress during the first few cycles. 
Since cable sheathing behaves in this manner in 
service, this condition in the tests was considered 
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Table 10 
Bend Tests of Strips of Arsenical Lead Alloys 
With Ten-Minute Cycles at 110 F 


Sample No. of cycles to fracture 
0.5% 0.4% 0.3% strain 
10,732 14,479 42,978 
3,948 10,459 16,991 
10,588 11,684 19,346 
6,952 15,185 14,903 
7,713 10,550 14,537 
12,488 16,478 14,410 


All of these tests were made with reversed flexure of the strip and with 
intermittent cycles. 
acceptable. The values of strain used were selected 
because they are about equal to those commonly 
encountered where bending is produced by the daily 
change in temperature caused by variations in the 
electrical loads. 

The specimens were taken from unpolished cable 
sheathing, retaining the original thickness and sur- 
face irregularities. For this reason and because lead 
strain-hardens, some scatter is apparent in the test 
results. These results, however, seem sufficiently 
accurate to permit classification as to the relative 
bending resistance of the various materials. 


14. Results 


Table 10 shows the results of bend tests that 
have not been reported in previous bulletins. Table 
11 summarizes the data for materials that have 
been accepted for commercial use. Copper-bearing 
lead gave slightly better results than common 
desilverized lead. There is an indication that chem- 
ical lead, which contains copper when mined, has 
slightly better bending characteristics than lead 
containing copper which was added during process- 
ing. These tests, however, have not been very 
extensive to draw this comparison. Furthermore, 
not enough tests were made to determine the most 
desirable copper content. 

The arsenical lead alloys withstood about three 
times as many cycles to fracture as did copper- 
bearing lead. The ratios are somewhat higher at 
0.3% strain than at strains of 0.4 and 0.5%. 

Most of the alloys that had a tendency to in- 
crease in ductility under low stress conditions had 
the best bending resistance in this range of strain. 
A notable exception is C-458. This ductile alloy 
does not seem to have the bending resistance of 
C-475, an alloy of very low ductility. Alloys sub- 
ject to discontinuous precipitation are low in 
bending resistance in this range of strains. They 
have very good fatigue resistance to strains of 
lesser magnitude. 

At the lower strains, the fine grain alloys had, 
in most cases, longer lives in bending. Since there 


was little evidence of slip within the grains and all 
fractures were intercrystalline, the alloys with the 
most grain boundary can be expected to have the 
least concentration of stress at the grain boundaries 
and hence the best life. Scatter in the test results 
was produced to some extent by differences in 
grain size for the various specimens of a given 
material. At the higher strains, where slip within 
the grains was a greater factor, there was less 
difference for large and small grain materials. 

An arsenic content of about 0.16 to 0.18% 
seemed to give the best results in bending. In 
general, alloys that contained more tin than arsenic 
showed less life in bending than those that were 
richer in arsenic. An exception to this was sample 
C-486 with 0.146% tin and 0.116% arsenic. Its 
good performance in bending appeared to be due 
to its exceedingly fine grain structure. The average 
results for the alloys that contained between 0.03 
and 0.06% copper were somewhat below those for 
the alloys that contamed almost no copper. The 
arsenical lead with about 0.06 to 0.09% tellurium 
was very good in these bend tests. 

In most cases the life to fracture in bending 
was less at 150 F than it was at 110 F. This re- 
duction at the higher temperature was greater for 
tests at 0.8% strain than it was at 0.5% strain. 
The reduction in life at the higher temperature 
was greater for the arsenical lead alloys than it 


Table 11 
Summary of Bend Tests of Strips Representing Materials 
That Have Been Accepted for Commercial Use 


No. of | Length Average no. of bend cycles 
samples of cycle 


i to fracture t 
tested minutes 0.3% 0.4% 0.05% strain 
Tests at Room Temperature 


Material 


Desilverized lead if iL 9,929 7,708 7,539 

Chemical lead 2 1 13,310 9,986 7,650 
2 10 9,606 8,542 4,919 
af 60 3,843 4,257 3,147 

Copper lead 5 1 11,420 9,978 8,545 
2 10 5,297 6,876 2,590 
1 60 4,545 4,054 2,667 

Arsenical lead low in 

copper 2 1 40,386 21,878 16,531 
2 10 22,344 14,395 10,994 
1 60 9,035 5,035 4,630 

Tests at 110 F 

Chemical lead 1 10 4,652 4,047 3,951 
1 60 4,400 3,177 2,888 

Arsenical lead low in 

copper 1 1 26,644 17,402 9,367 
7 10 18,766 12,866 9,306 
3 60 15,758 10,324 6,394 

Arsenical lead with 

0.03 to 0.06% copper 7 10 16,478 11,595 9,447 
3 60 11,284 6,770 4,896 

Arsenical lead with 

tellurium 5 10 20,509 15,930 11,917 
il GOs joe? Garant 5 S20 iceteen 

Tests at 150 F 

Chemical lead 1 1 11,865 Cy bg 4,886 
1 10 7,315 4,731 3,356 

Arsenical lead low in 

copper 1 1 14,514 11,000 13 ,280 
1 10 10,708 10,377 10,302 


ante seein 
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was for commercially pure lead, so that the ad- 
vantage of the alloys over lead was somewhat less 
at 150 F. It should be noted that sheath tempera- 
tures on well-loaded cables in service are generally 
around 110 F. 

In the bend tests there was a definite decrease 
in the number of cycles to fracture as the speed of 
bending was reduced. The strain produced in bend- 
ing is a combination of elastic deformation and 
creep. As the duration of each cycle is increased, 
more creep takes place. Also, while the number of 
eycles to produce fracture is less at the slower 
speed, the elapsed time to failure is longer and 
stress corrosion becomes a greater factor. 

Table 12 shows no consistent difference between 
copper-bearing lead and arsenical lead alloy in the 
percentage decrease in number of cycles to failure 
as the speed of bending was decreased from 1- 
minute to 10-minute to 60-minute cycles. The de- 
crease was greater at room temperature than it was 
at 110 or 150 F. The decrease from 10-minute to 


Table 12 
Effect of Speed in Bending on Number of Cycles to Fracture 
Copper-bearing  Arsenical 
lead lead alloy 
Decrease in number of cycles from one- 
minute cycles to 10-minute cycles — % 
—at room temperature 39 39 
—at110F Eye 19 
—at 150F 28 18 
Decrease in number of cycles from 10- 
minute cycles to 60-minute cycles — % 
— at room temperature 33 61 
—at110F 18 31 


60-minute cycles was approximately as large as 
the decrease from 1-minute to 10-minute cycles. 

In service, the cycles of cable movement cor- 
respond to the load which generally varies in 24- 
hour cycles. The data suggest that at 110 F the 
number of 24-hour cycles to fracture might be 
somewhat less than half the number of 1-minute 
cycles. It should be noted, however, that this is 
based on bend tests of strips, not tubular sheaths 
on cable, and that extrapolation of the data from 
the tests with 1, 10, and 60-minute cycles to 24-hour 
eyeles might be unreliable. Further investigation 
along this line would be desirable. 


VI. EFFECT OF HEATING ON ARSENICAL LEAD ALLOYS 


When a solder wipe is made on a cable sheath, 
such as the soldering of a joint sleeve, the heating 
changes the physical properties of the sheath ad- 
jacent to the wipe. The change is generally greater 
for the lead alloys than it is for commercially pure 
lead sheath. Some tests were made to determine the 
extent of these changes in arsenical lead alloys. 

Two methods of making such wipes have been 
in common use. The older method was to ladle 
molten solder over the sheath and to form it into 
place with a canvas wiping pad. The method which 
is now used is to melt the solder from a solder 
stick with a gas torch and form the wipe with a 
canvas pad. In the cable shop of the Common- 
wealth Edison Company, a wipe was made by the 
ladle method on a hollow piece of cable sheathing 
while the temperature of the sheath under the wipe 
was measured by means of four thermocouples. It 
took about three minutes to make the wipe and the 
maximum temperature attained was about 435 F. 
This experiment was repeated with the torch and 
stick method. Again the wipe was made in about 
three minutes and the temperature attained was 
only a few degrees lower than that attaimed with 
the ladling method. It was decided, therefore, to 
investigate the effect of heating for three minutes 
to 410, 510, and 620 F. Such heating represented the 
usual heating in making a wipe and higher tem- 
peratures approaching the sheath melting point. 


15. Test Procedure and Samples Tested 


Several samples of commercially produced ar- 
senical lead alloy sheathing were used in these 
tests and each of them was tested both as received 
and after being heated for three minutes. Strip 
specimens were prepared for test and then put into 
a forced air furnace. The temperature was measured 
by means of a thermocouple on a dummy specimen. 
After three minutes at the desired temperature, 
they were removed from the furnace and allowed 
to cool in air. This cooling of the strips was more 
rapid than sheathing on a cable would cool in air, 


and it might have had some influence on the condi- 
tion of the material. 

The specimens for creep testing were °4-inch 
wide and 10 inches long in the gage length. They 
were tested at 150, 200, and 300 psi at 150 F. The 
specimens for stress-rupture tests were 14-inch wide 
in the 2-inch active section and were tested at 
1,800 and 1,000 psi. The specimens for bend tests 
were 34-inch wide in the 2-inch active section. 


16. Effect of Heating on Creep 


In most cases, heating to 410, 510, or 620 F for 
three minutes and cooling in air markedly improved 
the creep resistance of the arsenical lead alloys. 
The creep-time data for four materials are shown 
in Figs. 11 to 14 and summary data for total creep 
in 5,000 hours are shown in Table 13. In some 
cases there was little or no definite change in the 
rate of creep due to heating to 410 F, which simu- 
lates the heating of the sheath in making a solder 
wipe. Heating to the higher temperatures of 510 
and 620 F reduced the creep greatly for all four 
materials. The reduction was most pronounced at 
the higher stress of 300 psi. 

At 620 F these materials are near their melting 
point and should be fully annealed. However, the 
rapid cooling of the strip specimens in air after 
removal from the oven might have produced some 
effects similar to quenching. 


: Table 13 
Effect of Heating for 3 Minutes on Subsequent Creep 
Rates for Strip Specimens of Arsenical Lead Alloys 
Gage section was 10 inches long, 34 inch wide. Tests made at 150 F. 


Material Stress TotalZereep in 5,000 hours — Per cent 
PBI As Heated Heated Heated 
received to410F to5l0F to 620F 
Low in copper, C-458 150 0.38 0.15 0.165 0.065 
200 0.42 0.47 0.175 0.023 
300 1.73 1.84 0,062 0.00 
0.038% copper, C-451 150 0.34 0.078 0.21 0.060 
200 0.41 0.13 0.14 0.090 
300 0.69 0.50 0.19 0.070 
0.052% copper, C-468 150 0.112 0.054 0.079 
200 0,26 0.19 0.042 
300 1.74 ppl 0.115 
0.094% tellurium, 
C-482 150 0.19 0.104 0.050 0.020 
200 0.30 0.138 0.010 0,022 
300 0.44 0.35 0.060 0.042 


i 
4 
: 
; 
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10" gage length, 3/4" wide 


a) longitudinal specimens, 1/50 F 
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Fig. 11. Creep-Time Diagrams — Effect of Heating for 3 Minutes and Cooling in Air on Arsenical Lead C-45] 


17. Effect of Heating on Life to Fracture and Ductility 


Specimens of five arsenical lead alloys were 
heated in an oven to 410, 510, or 620 F for three 
minutes and allowed to cool in air. They were then 
loaded to either 1,800 or 1,000 psi to determine the 
effect of this heating on the life to fracture and 
on ductility. As is shown in Table 14, the effect of 
the heating differed for the various samples. In 
some cases the time to fracture was increased, 
while in others it was decreased. The ductility was 
also greatly increased for some samples and 
slightly decreased for others. 

Sample C-475 is an example of marked im- 
provement due to this heat treatment. This mate- 
rial, containing more tin than arsenic, had very 
low ductility, especially at the lower stresses, which 
had caused its rejection for commercial use. After 
it was heated to either 410 or 510 F, the ductility 
was improved to values comparable with those for 
other accepted materials. However, the alloy’s life 
to fracture was decreased by about 25% at 1,000 
psi and by greater percentages at 1,800 psi. 


Table 14 


Effect of Heating for 3 Minutes on Subsequent Life to 
Fracture and on Ductility of Arsenical Lead Alloys 


Material 


Low in copper, 
1-389 


Low in copper, 
C-458 


0.041% copper, 
C-475 
0.041% copper, 
C-478 


0.094% tellurium, 
3-482 


0.041% copper, 
C-475 
0.041% copper, 
C-478 


0.094% tellurium, 
C-482 


Heat Hoursto Elongation — % 


treat- fracture 1-inch 2-inch 
ment 

Tests at 1,000 psi and 110 F 
None 1,534 45 31 
410 F 670 83 56 
510 F 3,816 41 38 
620F 22,000+ (no failure) 
None 1,220 62 38 
410 F 768 36 25 
510 F 4,800 41 29 
620 F 22,000+ (no failure) 
None 1,100 6 4 
410 F 840 42 29 
510 F 815 60 49 
None 500 64 39 
410 F 720 59 43 
None 800 40 27 
410 F 648 40 28 
510 F 2,448 55 39 

Tests at 1,800 psi and 110 F 
None 10 17 15 
410 F 2% 57 45, 
510 F 1% 69 51 
None YW 49 32 
410 F 34 AT 35 
620 F 154 41 30 

one 24% 36 24 
None, aged 45% 28 17 
410 F 244 32 22 
510 F 2% 39 34 
620 F 2544 39 32 


Type of 
fracture 


Knife edge 
Knife edge 
Knife edge 


Knife edge 
Knife edge 
Knife edge 


Inter-crystalline 
Inter-crystalline 
Inter-crystalline 


Knife edge 
Knife edge 


Knife edge 
Knife edge 
Knife edge 


Ductile 
Knife edge 
Knife edge 


Knife edge 
Knife edge 
Knife edge 


Knife edge 
Knife edge 
Knife edge 
Knife edge 
Knife edge 
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150 F 
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Fig. 12. Creep-Time Diagrams — Effect of Heating for 3 Minutes and Cooling in Air on Arsenical Lead C-458 


Sample C-478 was similar in chemical content 
to C-475 but had fairly good properties initially. 
Heating to 620 F increased its life to fracture at 
1,800 psi from 15 minutes to more than 15 hours 
with little reduction in ductility. In the tests at 
1,000 psi, heating to 410 F increased the life to 
fracture by about 50% and improved the ductility 
slightly. 

When heated to 410 F, C-389 and C-458, which 
were relatively high in arsenic and low in copper, 
showed reductions of 14 to 14 in the time to frac- 
ture at 1,000 psi. After they were heated to 510 F, 
the time to fracture was increased greatly from the 
initial values. Heating to 620 F enabled these two 
materials to withstand 1,000 psi stress for more 
than 22,000 hours without failure. In their initial 
condition, C-3889 and C-458 failed in 1,534 and 
1,220 hours, respectively. 

The tellurium-bearing arsenical lead, C-482, was 
also included in these tests. It tends to age-harden 
somewhat at room temperature and was about four 
years old when these heating tests were made. 


Some increase in tensile strength and decrease in 
ductility had occurred. Heating to 410 F returned 
it to about its initial condition with respect to 
ductility and time to fracture. Heating to 510 F 
made an appreciable improvement in time to frac- 
ture and ductility. These tests show that this 
tellurtum-bearing alloy is affected by heat treat- 
ment in much the same manner as the other 
arsenical lead alloys. 

Some further information on the effect of heat 
and age on tellurium-bearing arsenical lead is 
given in sections 20 and 21. 


18. Effect of Heating on Bending Resistance 


Specimens of six arsenical lead alloys and one 
chemical lead were air cooled after three minutes 
at 430 F to determine the effect of heating (such 
as that produced in solder wiping) on the bending 
resistance of these materials. Strip specimens were 
prepared for the bend machines and then heat 
treated. The tests were run at 110 F with one com- 
plete cycle to 0.3% strain in 10 minutes. Table 15 
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Fig. 13. Creep-Time Diagrams — Effect of Heating for 3 Minutes and Cooling in Air on Arsenical Lead C-468 
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Fig. 14. Creep-Time Diagrams — Effect of Heating for 3 Minutes and Cooling in Air on Tellurium-Bearing Arsenical Lead C-482 
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shows that for all materials except C-482, the 
bending resistance was improved by from 14 to 
40% by heating to 480 F. The tellurium-bearing 
alloy, C-482, had aged at room temperature for 
about four years at the time of these tests and 
some hardening of the metal had occurred. Heating 
to 430 F was not enough to restore its initial 
properties. While the number of cycles to fracture 
was decreased about 18% by the heating, it was 
still about the same for the tellurium-bearing alloy 
as the cycles for the other arsenical lead alloys. 
The values for the unheated samples appear high. 

The bending resistance of the chemical lead, 
C-361, was greatly improved by the heating. This 
is of interest since the low bending resistance of 
chemical lead was the disappointing property of 
this otherwise fine sheathing material. Further in- 
vestigation of this treatment seems desirable in 
order to determine whether the improvement could 
be utilized in practice or would be lost by reerystal- 
lization of the metal. 


19. Discussion of Effects of Heating 


These test results indicate that the arsenical 
lead alloys extruded as cable sheathing do not 
possess the best possible properties of creep re- 
sistance, long-time tensile strength, and life in 
bending. The extrusion process work-hardens them 
and increases the short-time tensile strength as 
indicated by the static tensile test at room tempera- 
ture; but the consequent segregation of the alloy- 
ing constituents weakens them in long-time strength 
at the higher temperatures. 

Heating for a few minutes tended to decrease 
the differences between samples, improving the 
poorest properties. Heating to 410 F, which is about 
the temperature attained in making a solder wipe 
on a sheath, produced only moderate changes in 
properties: some decrease in creep at low stress, in 


Table 15 
Effect of Heating for 3 Minutes on Life in Bending With 
10-Minute Cycles, 0.3% Total Strain at 110 F 


Material Change due 


Bending cycles to failure 
to heating 


not heated heated to 
7,590 


| 


| 


Chemical lead, C-361 4,652 63-269% increase 
17,147 

Arsenical lead, low in : 

copper, C-470 12,167 16,317 34-45% increase 
17,677 

Arsenical lead with 

0.031% copper, C-484 13,675 aeae 10-18% increase 
16,069 

Arsenical lead with : 

0.034% copper, C-488 19,433 aie 30-34% increase 

044 

Arsenical lead with j . 

0.042% copper, C-479 17,396 aeees 1-60% increase — 
27 ,822 

Arsenical lead with 34,339* sen) i nnn 

0.094% tellurium, C-482 25 ,200T 19,650 14-22% decrease 
21,759 


* Aged about two years. 
} Aged about four years. 


some cases a decrease in life to fracture at 1,000 
psi, and slightly increased life in bending. Further 
tests would be desirable to determine whether the 
decrease in life to fracture applied also to longer 
tests at stresses below 1,000 psi. Heating to higher 
temperatures such as 510 or 620 F generally pro- 
duced improvements in all properties. 

These improved characteristics might be gained 
in practice either by a brief heat treatment after 
extrusion or by extrusion at higher temperatures. 
Both of these methods involve objectionable fea- 
tures which might prevent their adoption. The 
sheathing is usually on impregnated paper-insulated 
cable and the insulation would be injured by high 
temperature. At higher extrusion temperature, con- 
trol of thickness of the sheath and the prevention 
of plating out of alloy constituents in the die block 
becomes more difficult. However, high extrusion 
temperature facilitates recrystallization across 
seam and charge welds, which improves the long- 
time strength in the weld regions. 

To determine the best means of obtaiing the 
optimum properties of the sheaths would require 
further investigation. 


Vil. EFFECTS OF QUENCHING AT THE LEAD PRESS AND OF AGING 


20. Unquenched versus Quenched Sheathing 


Samples C-446 and C-478 were from arsenical 
lead alloy sheaths allowed to cool in air without 
quenching after being extruded at the factory on 
12,000 volt cable. Similar sheaths quenched with 
water after extrusion were represented by samples 
C-468 and C-479, respectively. Sample C-482 was 
quenched from 320 F, which is almost no quench, 
while C-483 of the same kind of alloy was quenched 
from 417 F. The differences in properties of the 
quenched and unquenched samples were not con- 
sistent, which indicated that the effects of quench- 
ing were over-shadowed in some cases by other 
variables in the tests. In general, quenching had the 
following effects: 


1. The hardness and the short-time and long- 
time tensile strengths were increased. In two cases 
the indicated stress for 40-year life was about 
60% greater for the quenched sample than for the 
unquenched sample. In the third case, extrapolation 
of the test results to 40-year life as discussed in 
section 11 indicated a lower stress for the quenched 
sample, but the test data did not conform to the 
formula that was assumed there. The longest tests, 
which were at 600 psi, resulted in about the same 
lives to fracture for the quenched and unquenched 
samples, namely 17,856 and 17,424 hours. 

2. The ductility of the quenched sample was 
generally lower than that of the unquenched 
sample. However, in the long-time tensile tests at 
the lower stresses, the elongations to fracture were 
inconsistent with some increases and some decreases. 

3. The quenched samples had a little better 
creep resistance than the unquenched samples, as 
shown in section 8. 

4. The unquenched samples withstood bending 
of strip specimens a little better in most cases than 
the quenched samples did. An exception to this was 
quenched sample C-468 which gave high results in 
the bend tests. 
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21. Changes in Properties with Age 


Figs. 15, 16, and 17 show changes in tensile 
strength, elongation, and hardness with age at room 
temperature, and some data on aging in an oven 
at 100 F. These tests were made in Chicago. 

The tensile strength and elongation were deter- 
mined on strip specimens with the middle section 
reduced to 44 inch in width for a 2-inch gage 
length. The specimens were elongated to fracture 
at the rate of 14-inch per inch of gage length per 
minute. Elongation was measured after rupture. 
Each point on the graph represents the average of 
four tests. 
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Fig. 15. Aging of Six Arsenical Lead Alloys at 
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Fig. 16. Aging of Three Similar Arsenical Lead Alloys at 
Room Temperature 


The hardness was determined with a Rockwell 
tester using a 60 kg load applied for 10 seconds on 
a 1%-inch ball penetrator and a 14-inch anvil. The 
results were read on the R-scale. This test method 
gives some negative readings for commercially 
pure lead and the softest alloys. Other tests have 
shown that the negative values are in line with the 
positive values for the harder metals and are 
usable as indices of relative hardness. 

Fig. 15 shows the results of aging at room tem- 
perature for six of the alloys. Samples C-331, 
C-389, and C-445 were nominally the same copper- 
bearing arsenical lead alloy produced at different 
times. They were initially quite different in tensile 
strength and hardness, but after four years they 
were quite similar. C-445 was stable at 3,000 psi 
tensile strength. It had been heated in a salt bath 
and quenched immediately after extrusion. The 
other two samples had been quenched in water 
without the extra heating. They had initially lower 
strengths which increased with age. 

Samples C-486, C-487, and C-488 were experi- 
mental sheaths of about the same composition, 
produced at about the same time and representing 
some variations in treatment at the lead press. The 
nature of those variations was not revealed by the 
manufacturer. As is shown in Fig. 16 the initial 
physical properties were about the same, and all 
of them increased in tensile strength and hardness 
and decreased in ductility with age. 


The tellurium-bearing arsenical lead samples — 


C-482 and C-483, which were produced in 1950, 
were found to increase in tensile strength and hard- 
ness with age at room temperature and to a greater 
extent at 100 F. The data are shown in Fig. 17. 
These two samples were nominally the same alloy 
that had been treated differently at the lead press. 
C-483 was considerably harder and stronger than 
C-482. Both of them showed increases in hardness 
and tensile strength during the first three years 
after extrusion and this trend was continuing at 
the end of three years. These changes were ac- 
companied by a slight decrease in ductility, but the 
values at the end of the three-year period were 
relatively good. 

At the end of three years, the samples used in 
these aging tests had been consumed in testing. 
Additional material was obtained from the cable 
on the reels which had been stored outdoors. These 
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Fig. 17. Aging of Tellurium-Bearing Arsenical Lead Alloy 
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Table 16 
i Effect of Aging on Tellurium-Bearing 
i Arsenical Lead Sample C-482 
Nee of sample, years 24 3 3% 3% 
Heat treatment for 1 hour none none 200 I 500 I 
/ Tensile strength at room 
' temperature, psi 2,830 2,956 2,964 2,599 
| Elongation to fracture, % 
{ —in ¥% inch 51 AT 51 55 
| — in 1 inch 34 30 31 42 
| — in 2 inch 20.5 19.5 20 33 


Each figure is the average of 3 or 4 measurements. All tests were made 
jat room temperature on dumbbell specimens % inch wide. 
The rate of strain was 4% inch per inch per minute for specimens aged 
: 244 years and 44 inch per inch per minute for specimens aged 314 years. 


| samples showed less change than the samples that 

had been kept in the laboratory. When these 
samples were brought into the laboratory, they 
showed increasing tensile strength and hardness as 
is shown in Fig. 17. 

Some tests were conducted at the University of 
Illinois on sample C-482 after 214 and 314 years 
of aging at room temperature. The results are 
shown in Table 16. During this one-year period, 
the tensile strength increased slightly from 2,830 
to 2,956 psi, and the elongation to fracture de- 
ereased slightly from 34 to 30% in a 1-inch gage 
length. An attempt was made to accelerate the 
aging by heating some specimens to 200 F and some 
to 500 F for one hour. Instead of aging effects, the 
heating produced some indications of recovery with 
an increase in ductility. 

The effects of variations in the treatment at the 
lead press on the long-time strength of tellurium- 
bearing arsenical lead alloy sheaths are shown in 
Fig. 18. The nature of these variations in treatment 
is not known. At 1,800 psi, a range in time to frac- 
ture from 214 to 115 hours is shown. In the long- 
time tests at lower stresses, where aging during the 
test is more of a factor, the range in lives to frac- 
ture was less. It appears, however, that the treat- 
ment does have an appreciable effect on properties 
over a period of years in service. 

Fig. 18 shows results of two sets of tests con- 
ducted four years apart on C-482 and C-483. The 
older samples showed better lives at 1,800 psi but 
little or no better lives at 1,200 psi. With the four 
years of aging, both samples lost in ductility. The 
aged samples of C-482 showed less than 20% elon- 
gation in 2 inches in the tests at 1,800 to 1,200 psi, 
and C-483 was down to 20% at 1,500 and 1,200 psi. 
Such loss in ductility with age could cause trouble 
during handling or installing cable that has been 
held for an appreciable time before use. This is 
especially true when a duct splice is made and the 
cable is reeled, transported to the location of 
installation and unreeled. The relatively stiff sec- 
tion of the duct splice puts severe local bending 
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strains on the cable sheath adjacent to the splice. 
Unless the metal is quite ductile, cracking of the 
sheath might occur. 

The bending resistance of C-482 was found to 
decrease with aging. In tests of strips with 10- 
minute cycles to 0.3% strain, the number of cycles 
to break decreased from 34,339 in 1952 to 25,189 
in 1954. While the 1954 test compares favorably 
with those for most of the other arsenical lead 
alloys, the loss in this respect is significant. It was 
not determined whether or not appreciable further 
changes would occur beyond four years. 

Possibly some adjustments could be made in 
the arsenical lead alloys, including those containing 
tellurium, that would eliminate the changes with 
age. No attempt was made in this research to de- 
termine what such adjustments should be. The 
tests did demonstrate that embrittlement can be 
overcome by heating the sheath for a few minutes 
to over 500 F and allowing it to cool in air. It is 
not known whether or not the improvement in 
properties would be permanent in further aging. 
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Fig. 18. Strength-Time Diagrams — Tellurium-Bearing 
Arsenical Lead at 110 F 


Vill. SUMMARY 


1. Under steady tensile stresses of 100 to 300 
psi, creep of lead and lead alloy sheathing occurs 
in three stages, namely: a first stage of relatively 
high creep rate that diminishes with time, a sec- 
ond stage of nearly constant rate that extends 
through most of the span of life to fracture, and 
a third stage during which the creep rate increases 
and the sheath necks down to fracture. The creep 
rate during the second stage, which is the minimum 
rate, is of most general value in considermg the 
creep resistance of cable sheathing. 

2. Another index of creep resistance is the total 
elongation from the initial unstressed condition to 
the loaded condition after some appreciable period 
of time. The total creep in the first 5,000 hours is 
given in this bulletin. 

3. Lead and lead alloys may change in proper- 
ties over long periods of time due to strain or work 
hardening, self annealing, recovery, etc. In general, 
the indications from these tests are on the low side, 
that is, the rate of creep, the life to fracture under 
tensile stress, and life in bending are somewhat 
better for sheathing on cable than is indicated for 
small specimens in the laboratory. Long-time tests 
are necessary to obtain reliable indications. 

4. Chemical lead and copper lead, which con- 
tain about 0.04 to 0.06% copper, had somewhat 
better creep resistance, longer life to fracture, and 
better ability to withstand repeated bending than 
common desilverized lead A, which contains less 
than 0.0025% copper. Also, the chemical lead, 
which contains copper in the ore as mined, was 
somewhat better in these tests than copper lead to 
which copper is added after refining. 

5. Most of the arsenical lead alloys were shown 
to be markedly superior to commercially pure lead 
sheathing. The difference was more evident in 
relatively short-time tests than long-time tests, but 
the data indicate considerable improvement in all 
properties for a service life of 40 years. 

6. Some of the arsenical lead alloys were shown 
to be unsuitable for cable sheathing. Either the 
amounts of alloying constituents, their degree of 
dispersion in the structure of the metal, or the 


42 


metallurgical conditions produced during extrusion 
as sheathing on cable produced either poor duc- 
tility, a high creep rate, or undesirable changes 
with age. Close production control is necessary to 
obtain suitable sheathing. 

7. Tellurium-bearing arsenical lead alloy showed 
some improved properties over similar sheaths 
without tellurium. There were, however, some indi- 
cations of increase in tensile strength and hardness 
with age. The ductility was good after three years 
of aging at 100 F. While the life in bending de- 
creased with age, it was still about the same as that 
of other arsenical lead alloys. Possibly some adjust- 
ment could be made in the alloy or its treatment to 
avoid appreciable change with age. 

8. Heating strips of the arsenical lead alloys 
to 410 F for three minutes and cooling in air pro- 
duced no appreciable change in the properties of 
the material. This is about the extent that cable 
sheaths are heated when a solder wipe is made for 
a joint or terminal. 

9. Heating to temperatures over 500 F produced 
marked improvements in some properties. If the 
changes indicated by these specimens could be ap- 
plied to cable sheaths in regular production, con- 
siderably better sheathing could probably be 
obtained with present materials. 

10. Stopping the extrusion process during pro- 
duction of lead alloy cable sheathing causes a nar- 
row ring of highly worked metal at the lead press 
stop mark and an adjacent region of relatively low 
strength metal. Subsequent heating in a salt bath 
and quenching did not eliminate this variation in 
properties, but did improve the strength of the 
adjacent sheath. 

11. To determine the most desirable amounts of 
alloying constituents and the best treatment in the 
production of sheathing would require further re- 
search. There is also a need for more information 
on the metallurgy of lead and lead alloys to deter- 
mine the reasons for the differences in properties 
under various conditions of stress, strain, and tem- 
perature, as well as for changes in the properties 
that occur with age. 


IX. APPENDICES 


Appendix A. Definitions of Metallurgical Terms 


Aging: In a metal or alloy, a change in prop- 
erties that generally occurs slowly at atmospheric 
temperature and more rapidly at higher tempera- 
ture. 

Artificial Aging: An aging treatment above 
room temperature. The artificial aging discussed in 
the report consisted of heat treatment at about 
250 F for one week. The treatment is given oil- 
filled cable after the sheath is applied in order to 
evacuate the air and moisture from the insulation 
and to fill the cable with oil. 

Overaging: Aging under conditions of time and 
temperature greater than those required to obtain 
maximum strength. Aging in general is precipitation 
of the alloying constituents from a supersaturated 
solid solution. Some aging tends to increase the 
strength of an alloy, but overaging or over-precipi- 
tation tends to lower the tensile strength. Also, 
when overaged, an alloy may have a concentration 
of the alloying constituents at the grain boundaries 
and a lack within the grains. 

Strain Aging: Aging induced by cold working. 

Strain Hardening: An increase in hardness and 
ereep resistance caused by plastic deformation at 
temperatures below the recrystallization range. In 
some of the long-time creep tests, strain hardening 
was indicated by decreasing creep rates. 

Work Hardening: Hardening developed in 
metal as a result of cold working. The effects of 
plastic deformation during extrusion of a sheath 
onto a cable constitute a form of work hardening. 

Recovery: The removal of residual stresses by 
localized plastic flow as the result of low-tempera- 
ture annealing during time of test. 

Self Annealing: Recovery or softening from 
work or strain hardening that occurs under work- 
ing or testing conditions of temperature and 
stresses. In the long-time creep tests, self annealing 
is indicated by an increasing rate of creep. 

Continuous Precipitation: Uniform precipita- 
tion throughout, both within the grains and at grain 
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boundaries, of alloying material out of solid solu- 
tion. Neighboring grains have the same degree of 
precipitate dispersion when precipitation is con- 
tinuous, a condition that enhances creep resistance 
and is achieved by heating for certain periods of 
time at well-defined temperatures. Too much heat- 
ing at too high a temperature tends to overage 
alpha solid solutions. Heating alloys of lead with 
metals of extremely low solubility in lead tends to 
diffuse the alloying constituents more completely. 

Discontinuous Precipitation: Non-uniform pre- 
cipitation of the alloying constituents. The precipi- 
tation may vary in neighboring grains, within the 
erains, and be accentuated at grain boundaries and 
other heterogeneous areas. This condition often re- 
sults from low temperature extrusion at relatively 
high pressure. The sheathing is over work-hardened. 
The grains of lead have heterogeneous fields of 
alloy phases. In the creep tests this is the equivalent 
of reducing the grain size or increasing the number 
of grain boundaries, hence increasing flow. As the 
lead alloys strain age in the creep tests, some dis- 
continuous precipitation may take place. 

Solid Solution: Complete solubility at room 
temperature of the alloying constituents in lead. 
This is a condition seldom achieved. Indium and 
thallium, in limited amounts, may approach this 
in lead condition, but the creep resistance of these 
alloys is low. 

Alpha Solid Solution: A solid solution in which 
the alloying element is limited in amount to that 
completely soluble in lead at room temperature. 
In order to be effective in reducing the creep rate, 
the alloying element must be present in greater 
amount than is required to form the alpha solid 
solution. The precipitation of the excess alloying 
material brings about increased creep resistance. 

Eutectic Temperature: The melting tempera- 
ture of an alloy of two metals which is the lowest 
for all alloys composed only of these metals. In the 
case of arsenic and lead, it is the alloy of 26% 
by weight of arsenic, and the melting temperature 
is 554 F. 


44 ILLINOIS ENGINEERING EXPERIMENT STATION 


Appendix B. Classification of the Types of Lead 


The classifications of the types of commercially 
pure lead as used herein are in accordance with 
the Standard Specifications for Pig Lead, ASTM 
B-29-49. The principal impurities in these types 


are given below. 
Content by Weight — Per cent 


Type of How Bis- 
lead produced Copper Silver muth Lead 

Corroding Refined to -0015 0015 -05 99.94 
high degree max. max. max. min. 
of purity 

Chemical From 04 to .002to .005 99.90 
southeastern 08 020 max. min. 
Missouri 
ores not 
desilverized 

Copper Copper added __.04 to 020 10 99.85 
to fully re- -08 max. max. min 
fined lead 

Acid Copper added _ .04 to 002 025 99.90 
to fully re- .O8 max. max. min 
fined lead 

Common Fully refined  .0025 -002 15 99.85 

desil- and desil- max. max. max. min. 

verized verized 


The arsenical lead alloys were of three general 
types which differed principally in the contents of 
copper and tellurium. According to the chemical 
analyses made in connection with these tests, the 
main constituents of these types were about as 
follows: 


Type of Content by Weight — Per cent 
arsenical Bis- Tellu- 
lead alloy Arsenic Copper Tin muth rium 
Low in copper 12 to -O1 -O8 to .05to none 
18 max. 13 10 
Copper 12to .08to .09to 0lto none 
bearing 15 .06 14 -08 
Tellurium .16 to .003 10to 07 to .06 to 
bearing Ail) max. 12 10 09 


The percentages of the alloying constituents 
subsequently used in commercial production have 
in some cases differed a little from these figures. 
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